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Abstract

The history of Laminar Flow Control (LFC) from the 1930s through the
1990s is reviewed and the current status of the technology is assessed. Early stud-
ies related to the natural laminar boundary-layer flow physics, manufacturing
tolerances for laminar flow, and insect-contamination avoidance are discussed.
Although most of this publication is about slot-, porous-, and perforated-suction
LFC concept studies in wind tunnel and flight experiments, some mention is made
of thermal LFC. Theoretical and computational tools to describe the LFC aerody-
namics are included for completeness.

1. Introduction (including transition prediction methods) are dis-
cussed. In section 4, issues relating to operating LFC
This overview reviews Laminar Flow Control aircraft are reviewed, including the potential impacts
(LFC) research that began in the 1930s and flourishedPf insect and ice accumulation on laminar flow extent.
through the early 1960s until it was de-emphasizedFrom figure 1, two clear eras can be (subjectively)
because of a change in national priorities. During theidentified over the history of LFC. The first era is the
1970s when the oil embargo by OPEC led to a fuel€arly wind tunnel and flight experiments and design
shortage and high-cost fuel, LFC research becamé0ol advancements in slot-, porous- and perforated-
important again because of the aerodynamic perfor-Suction systems through the mid-1960s prior to the
mance benefits it could potentially produce for com- OPEC oil embargo, which are covered in section 5.
mercial aircraft. The next 20 years of research resulted?lthough  many  successful LFC demonstrations
in numerous significant achievements in LFC through occurred in that era, the Vietnam Conflict caused a
wind tunnel and flight experiments in the United shift in U.S. national priorities and the demise of the
States and Europe. major LFC projects.

The balance of this publication presents wind tun- Early in the 1970s, the OPEC oil embargo caused
nel investigations, flight research activities, and LFC . \jnited States to g(,anerate national programs which
design tool methodology development in the United focused on improved aerodynamic efficiencies. This
States and Europe that are devoted to advancing th?ocus reenergized LFC under the NASA Aircraft
state of the art and reducing the risk associated WithEnergy Efficiency (ACEE) Program. Many of the

the _applicdation of LFC technologyl to dsubsipnic, tran- major natural laminar flow (NLF) and LFC projects
sonic, and supersonic commercial and military rans- e ACEE demonstrated the achievement of laminar

ports. Because this publication is a review, it go in flight. Sparked by this U.S. success in the NLF

encompassef] mu(;:h of th? ne;arly 60-yﬁar hr‘ft%le r?and LFC programs, Bulgubure and Arnal (1992) noted
LFC researc an LFC—rg ate researc to highlightyy o jJaminar flow projects began in France in 1984 to
the many basic flow physics experiments and theory

devel t which h bled tul hard %ather data that were currently not available in France.
evelopment which have enabled Successiul hardwaréygrospatiale, Dassault Aviation, and a number of

demonstrations. research organizations (including ONERA) were
_ _ involved in the French program. Then in 1989, the
Flgur_e 1 and table; 1 through 3_summa_r|ze theEuropean Laminar Flow Investigation (ELFIN)

LFC _prOJects that are dlscus_sed n th's overview andProject was initiated, consisting of four primary ele-

highlight the reference, LFC information, and accom- ments concentrating on the development of laminar

plishment for each project. In section 2, definitions g\, technology for application to commercial trans-
appropriate to LFC are presented and the NUMEroUS, o+ aircraft. These elements were

benefit studies are summarized. In section 3, the many

fundamental studies which have led to the current

understanding of the flow physics, the manufacturing 1. A transonic wind tunnel evaluation of the
tolerances necessary for laminar flow, and the design hybrid laminar flow control (HLFC) concept
tools used to predict the extent of laminar flow on a large-scale model



2. The development of a boundary-layer suction LFC are discussed by summarizing numerous benefit
device and the development of new wind tunnel studies.
and flight test techniques for LFC

3. The development of improved computational 2.1. Definition of LFC

methods for laminar-to-turbulent flow predic-
tion capability LFC is an active boundary-layer flow control
(usually suction) technique employed to maintain the
4. A partial-span flight demonstration of natural 'a@minar state at chord Reynolds numbers beyond that
laminar flow (Birch 1992) which is normally characterized as being tranS|t|or_1aI
or turbulent in the absence of control. Understanding
this definition is an important first step toward under-
standing the goals of the technology. Often, a reader
mistakenly assumes that LFC implies the relaminar-

According to Mecham (1992), the project team con-
sisted of 24 organizations, including Deutsche Airbus

(project (I:TSolzr),DAérosnaati:\I_e, .Alenli;;\, BritishFA;(eI:(ro- ization of a turbulent flow state. These are two differ-
space, » Dassault Aviation, Dornier, Fokker, o g,y physics phenomena; although the same

Saab, several smaller companies, six national aeronalsg ol system may be employed for both problems
tical research institutes, and nine universities. Amongthe energy requirements for relaminarization could’
these institutes and universities were ONERA, CIRA typically be an order of magnitude greater than that

INTA, DLR, and the Universities of Manchester, required for LFC. Finally, LFC is a capability that is

Bristql, Galway, Lisbon, Lyng_by, Darmstadt,_ Delit, designed to benefit an aircraft during cruise by reduc-
Madrid, and Zaragoza. Section 6 summarizes theing the drag.

major U.S. and European LFC programs for the time

frame beginning with the OPEC oil embargo. o
An alternate concept of drag reduction is referred

to as “natural laminar flow (NLF).” NLF employs a
favorable pressure gradient to delay the transition pro-
cess. Inherent in practical NLF wings is low sweep
and aircraft of small to moderate size. As the wing is
swept, aerodynamic performance benefits are realized
for high-speed aircraft; however, the now three-
dimensional (3D) flow field becomes vulnerable to a
boundary-layer instability termed “crossflow vortex
instability” (discussed in section 3). This instability
causes the NLF design to become ineffective and the
boundary-layer state to become turbulent very near the
wing leading edge. For nacelles, the application of the
NLF design has been shown to produce unacceptable
low-speed performance; however, some modern NLF
nacelles have overcome earlier design deficiencies. An

andFirst European Forum on Laminar Flow Technol- active system 'S usu_e_ll!y required tq prevent these
boundary-layer instabilities from causing the laminar

ogy (DGLR-Bericht 92-06, 1992) for a selection of flow to become turbulent
papers presented during those workshops. More '
recently, the second European forum on LFC
occurred. A significant advancement made in the develop-
ment of LFC technology is the concept of Hybrid
Laminar Flow Control (HLFC). Shown in figure 2,
2. BaCkground HLFC integrates the concepts of NLF with LFC to
reduce suction requirements and reduce system com-
In the following sections, the definition of NLF, plexity. LFC is complex, involving suction (and ducts,
LFC, and HLFC are outlined and the benefits of using flutes, and pump source) over the whole-wing chord

This overview publication attests to the enormous
amount of research pertaining to NLF and LFC in the
literature. Additional discussions of LFC can be found
in Harris and Hefner (1987), Wagner et al. (1988),
Wagner et al. (1992), and Hefner (1992). A few bibli-
ographies of LFC are available by Bushnell and Tuttle
(1979), Tuttle and Maddalon (1982, 1993), and
Kopkin and Rife (1977). Holmes and Obara (1992)
and Holmes, Obara, and Yip (1984) review and focus
on NLF flight research; Somers (1992) and Pfenninger
and Vemuru (1992) discuss laminar flow airfoils;
Wagner, Maddalon, and Fischer (1984); and Braslow
and Fischer (1985) discuss the overall status of LFC.
Finally, refer toResearch in Natural Laminar Flow
and Laminar-Flow Control(NASA CP-2387, 1987)
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(or engine nacelle or tail section). The key features ofbecause of the sensitivity of the laminar flow to exter-
HLFC are nal and vehicle disturbances (e.g., panel-panel joints,
fasteners, access doors). However, drag reduction due

1. Suction is required only in the leading-edge to laminar flow over select portions of a vehicle is
region ahead of the front spar achievable. For an aircraft, the wings, engine nacelles,
fuselage nose, and horizontal and vertical tail are can-

2. NLF is maintained over the wing through didates for achieving laminar flow. Although the sum-

proper ta”oring of the geometry (pressure) mation of these individual drag reductions would

indicate a benefit due to laminar flow (fig. 4), the max-

3. The HLFC wing design has good performance imum or optimal benefits of LFC are achieved by

in the turbulent mode resizing the vehicle utilizing the benefits of laminar

flow. Thus LFC could yield reductions in takeoff

These concepts integrated in figure 2 with the Kruegerdr0SS weight (TOGW), operating empty ~weight
flap (for high lift and ice and insect-contamination (OEW), and block fuel (BF) for a given mission, and

prevention) show one potential practical application of Significant improvements in cruise lift-to-drag ratio
HLFC on a wing. (L/D). Associated benefits may include reductions in

both emissions (pollution) and noise and smaller

. engine requirements.
2.2. Benefits of LFC

The benefits of LFC are configuration dependent; . -a@chmann (1961) discussed the design and opera-
change with time because of changes in fuel cost,t'or_]al economies of low-drag aircraft, mcludm_g LFC.
system cost, manufacturing technology efficiency This presentation was one of the few t_hat listed the
improvements; and are closely linked to the amount ofdUations and assumptions of the equations that led to
laminar flow and a host of other variables (including Projected performance. Lachmann noted that the bene-
the weight of a passenger for the overall payloadf'ts of laminar flow obtained by LFC increased with
weight). Throughout the history of LFC, numerous the size of the candidate aircraft, with benefits maxi-
benefit studies have been carried out on a host of conMiz€d for an all-wing aircraft. Also, if 39 percent of

figurations. The outcome of these studies is described!® @ircraft fuselage could be laminarized for a typical
in this section along with a discussion of the impact of rans-Atlantic airline, Lachmann (1961) predicted a

fuel cost on LFC benefit. 10-percent increase LaD.

Antonatos (1966) presented a review of the con-  Chuprun and Cahill (1966) discussed the perfor-
cepts and applications of LFC, beginning with the mance improvements of aircraft with LFC technology
realization that skin friction drag could amount to from the systems perspective and noted that the impact
approximately 75 percent of the total drag for an air- of any technology must involve the integrated result of
craft. Shown in figure 3, Thibert, Reneaux, and aerodynamics, structures, propulsion, cost, risk, reli-
Schmitt (1990) attributed friction drag to approxi- ability, schedules (operations), and the sensitivity of
mately 45 percent of the total drag. Because laminarthe proposed concept to the design goals. This inte-
skin friction can be as much as 90 percent less thargrated result heavily determines the cost-effectiveness
turbulent skin friction at the same Reynolds number, of the design concept and whether the technology will
laminar flow would obviously be more desirable than be implemented on the candidate aircraft. When com-
turbulent flow for reducing the drag of aerodynamic pared with the turbulent baseline aircraft, the impor-
vehicles (except in recovery regions where a severgant improvement to the aircraft because of LFC
pressure drag penalty can occur because of boundarywould be an increase ID. The amount of improve-
layer separation). A vehicle with laminar flow would ment would depend on the amount of laminar flow
have much less skin friction drag than a vehicle with achieved for a given surface geometry and flight con-
turbulent flow. An example of the benefits of laminar dition and the structural weight penalties incurred by
flow are shown in figure 4 for a subsonic business jetthe addition of the pumping system. At a minimum,
(Holmes et al. 1985). Unfortunately, achieving lami- the benefits of the LFC technology must overcome the
nar flow over the entire configuration is impractical penalties incurred by such a system. The effect of the
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LFC weight penalties on the range of an aircraft is a  Pfenninger (1987) explored an unconventional
function of the ratio of fuel weight to gross weight. long-range LFC transport concept. Using large-span,
LFC weight penalties have less effect on range for air-large-aspect-ratio, strut-braced wings, a cruiée of
craft with high ratios of fuel to gross weight. Finally, 39.4 was estimated with laminar flow assumed on the
the performance benefits of LFC on a modified C-5A wings, nacelles, tail, and struts. Such an aircraft would
transport aircraft were compared with the C-5A base-carry 50000 kg of payload (or 250 passengers +
line; this comparison yielded range increases for con-cargo) and cruise at a Mach number of 0.83. Weak
stant payload and payload increases with constansuction was positioned from 5 to 30 percent chord and
range for the LFC version of the aircraft (quantified in it was predicted to achieve laminar flow on about
figs. 5 and 6). Clearly, the benefits of LFC became 70 percent chord on the upper surface of the wing
pronounced compared with the turbulent baseline(HLFC).

for long-range medium payload aircraft, with 20 to

25 percent improvement in range on the LFC aircraft.  ag jllustrated in figure 5, Kirchner (1987) showed
Carefully noted by Chuprun and Cahill (1966), the that the benefits of LFC (HLFC and NLF) increased
1966 development, production, and operation COStSjth the increased size and range of the candidate air-
were projected to be 10 to 20 percent higher for thepiane, This figure indicates that the benefits of LFC on
LFC aircraft compared with the turbulent baseline 5 |ong-range subsonic transport could lead to signifi-

aircraft. cant fuel savings.

By noting that LFC benefits increase with Clark, Lange, and Wagner (1990) reported the
increased aircraft range, Goethert (1966) demonstrategyenefits of LFC for advanced military transport
the performance benefit by example. A long-range air- ircraft. Based on a 132500-Ib payload transported
craft designed to carry a payload of 150000 Ib somegs0g n.mi. at a Mach number of 0.77, the LFC trans-
5000 n.mi. could carry the same payload 6250 n.mi.port would lead to reductions in TOGW of 4 to 7 per-
by employing LFC technology, or the LFC aircraft cent fuel weight of 13.4 to 17 percent, and thrust of
would be able to carry a reduced payload of 100000 1b1g g to 13 percent and an increase in crui of
some 8000 n.mi. 18.4 to 19.2 percent compared with the turbulent base-
line configuration. The lower and higher values corre-
Later, Sturgeon et al. (1976) performed a systemssponded to low-wing and high-wing HLFC
study to determine the benefits of LFC on long-range configurations, respectively.
subsonic transports. Based on a range of 5500 n.mi.

and payloads of 200 (52400 Ib) and 400 (104800 Ib)  Arcara, Bartlett, and McCullers (1991) performed
passengers, the LFC transport would improve fuely | FC penefit study for an advanced subsonic, twin-
efficiency by 39.4 percent over advanced technologyengine commercial transport with projected 1995
turbulent aircraft; therefore fuel consumption would engine, structure, and aerodynamic technology
be reduced by 28.2 percent and operating costs meprovements into a HLFC. With laminar flow
8.4 percent. assumed on 50 percent chord on the upper wing sur-
faces and horizontal and vertical tails and 40 percent
Pearce (1982) presented the benefits of a LFCon the engine nacelles, figure 6 shows reductions in
subsonic transport compared with an advanced comTOGW of 9.9 percent, OEW of 5.7 percent, and BF of
parable turbulent configuration. The benefits of using 18.2 percent. Additionally, an increase in cruigb
LFC were shown to be consistent with the results of 14.7 percent was achieved compared with that of
already cited; however, unlike many of the studies, the turbulent baseline. The figure shows the very
Pearce showed the significance of both laminar flow important location of the suction and resulting laminar
extent (i.e., transition location on the wing) and fuel flow extent. The analysis included conservative esti-
cost. For example, a rise in fuel cost from 45 cents tomates of the HLFC system weight and engine bleed air
1 dollar would cause direct operating cost (DOC) to be (to drive the suction device) requirements. Satisfaction
increased from 3 to 8 percent with LFC compared with of all operational and Federal Aviation Regulations
the turbulent configuration. (FAR) requirements, such as fuel reserves and



balanced field length, was achieved. A brief section on  Supersonic laminar flow control (SLFC) implies
the impact of fuel cost on the benefits was included inthat the test vehicle flies at supersonic Mach numbers
the analysis. Fuel at 65 cents per gallon had a reducand that either LFC or HLFC is employed on the
tion in DOC of 5.8 percent as a result of HLFC com- vehicle. Feasibility studies by Boeing Commercial
pared with fuel at 2 dollars per gallon having a Airplane Company (Parikh and Nagel 1990) and
reduction in DOC of 8.8 percent. McDonnell Douglas Corporation (Powell, Agrawal,
and Lacey 1989) were conducted to determine the

Robert (1992a) discussed the potential benefits ofbenefits of SLFC applied to the HSCT configuration.

HLFC applied to the Airbus A320 and A340 class of The Boeing configuration was designed to cruise at

subsonic transports. The study sought to determine & Mach number of 2.4 and carry 247 passengers
(745000 Ib TOGW) 5000 and 6500 n.mi. The inboard

wing was a modified airfoil from the NACA
65A-series and had a sweep of° fBormal Mach
number of 0.62 at cruise), whereas the outboard por-

1. Differences for short- or long-haul aircraft

2. What size aircraft should be laminarized tion of the wing had a sharp supersonic leading edge
with 47° of sweep (normal Mach number of 1.64 at
3. Where laminarization is advantageous cruise). The SLFC feasibility study estimated benefits

to be reductions in TOGW of 8.5 percent, in OEW of
6.2 percent, and in FB of 12 percent. These numbers
took into account the estimated 8500-Ib suction-
_ _ _ system weight penalty. The benefits were greater for
For the A320 with a range of 500 n.mi., cruise repre- an ajrcraft resized for a range of 6500 n.mi. and are
sented only 35 percent of the total FB, whereas for theshown in figure 7. With laminar flow covering 40 per-
A340 with a range of 3000 n.mi., cruise representedcent of the wing wetted area, reductions in TOGW,
80 percent of the total FB. Because LFC is a cruisepgw, and FB of 12.6, 9.8, and 16.0 percent, respec-
technology, the A340 would benefit more from the tjyely, were projected when compared with the turbu-
application of LFC than the A320. If HLFC is used |ent version of the supersonic aircraft for a range of
over the first 15 to 20 percent chord for the larger g500 n.mi. Based on a TOGW of 750000 Ib for the
A340 class aircraft, a projected drag reduction of yyrhylent baseline HSCT aircraft, the projected reduc-
14 percent could be obtained by using laminar flow tion in TOGW for the laminar aircraft is roughly

concepts on the wing, horizontal tail, vertical tail, and equivalent to the payload fraction of the aircraft OEW.
nacelles. The A320 and A340 studies indicated that

60 percent of the performance gain came from the

upper surface of the wing and 30 percent came from )
the lower surface of the wing. Robert noted that thered€Signed to cruise at a Mach number of 2.2 and carry

was no point in laminarizing the lower surface becauseB(_)8 passengers (750000 Ib T.OGW). 5750 n.mi. The
the costs of incorporating access doors and theVind was a cranked arrow wing with most of the
Krueger flap within laminar flow tolerances offset the SWeeP at 71and the outboard 30 percent span of the

advantages of drag reduction on the lower surface. FoVig swept 61.5 The SLFC feasibility study for

the issue of DOC, if a 2.8-percent increase in the cos@PPlication to the HSCT found reductions in TOGW
of maintenance is assumed, the DOC would beof 8 percent and FB of 15 percent and an increase in

reduced by 0.8 percent for a 3000-n.mi. cruise and FBCTUISEL/D of 15 percent. Whereas the Boeing concept
by 5 percent. The benefits increased with fuel cost andEMPIloyed a leading-edge suction strip and a second
aircraft mission. Finally, Robert summarized that a SPanwise suction strip at about 40 percent chord, the
long-range technical program could be established tMcPonnell Douglas concept had large leading-edge

enable Airbus Industrie to offer a future aircraft with SUCtion and a continuous low level of suction back to
laminar wings. This plan has been pursued in thet® control surfaces.

1990s with wind tunnel tests, flight tests, fundamental

concept studies, and with advanced design tool devel-  Based on limited supersonic data, Kirchner (1987)
opment. (See section 6.) showed in our figure 8 that an increase of 10 to

4. What fuel reduction could be achieved

The McDonnell Douglas configuration was



30 percent inL/D is expected by using SLFC on the 3. Laminar Flow Control Design
supersonic high-speed civil transport. Pfenninger andMeth0d0|ogy

Vemuru (1988) presented a strut-braced, highly swept
wing SLFC long-range transport design which was
capable of acquiring values &fD of 19 to 27 at a
Mach number of 2 and 16 to 22 at a Mach number
of 2.5.

For a LFC design (a wing, for example), the anal-
ysis begins by defining an initial wing geometry. With
wing geometry defined, the wing pressures and veloci-
ties can be obtained by using transonic wing theory
and/or Computational Fluid Dynamics (CFD). The

skin friction drag reduction can translate into reduced v eroC approach .Of prescrlblng a target pressure dis-
tribution and solving for the wing geometry is then

operating costs of an aircraft. Figure 9 shows the Jetused. After obtaining the external flow field for the

fuel cost per gallon and jet fuel as a percentage of theTinal geometry, boundary-layer and stability theory

cash operating cost for the industry over some 20 yr. : . :
...~ ‘calculations are used for determining the suction flow
From these data (Anon. 1985, 1995a), the critical R \ o
rates and distribution for the desired transition loca-

times in the industry are evident when fuel costs 9reWe. oo With the suction flow rate determined from

In the late 1970s and early 1980s and briefly in theboundar -layer stability considerations, the pressure
1990s. The rapid increase in fuel cost in the 1970s y-1ay ity , hep
drop through the skin must be set to obtain a reason-

inspired the drag reduction program in the United :
. ) ; able subsurface compartmentation scheme and perfo-
States, including NLF and LFC flight test programs. In . : S . .
ration spacing distribution for the desired suction

the 1990s the cost of fuel has become a small fraction,. . . . . . :
. : distribution. The process is iterative until an accept-
of the operating cost for the industry and, therefore,

the demand for technologies such as LFC have dimin-able design is obtained. Finally, the suction system

ished. However, similar to the OPEC oil embargo in ducting and compressor specifications are prescribed.

the early 1970s that led to a diminished supply of fuel Other key issues, covered in this section, that must

and subsequent rise in prices (large demand and .IO\%e understood for LFC design are
supply), technologists in the government laboratories

and in industry must be poised to cope with future
uncertainty in fuel cost (one of many external influ-

ences on the demand for innovation). Note, that the
rise in fuel price in the early 1990s was spawned by
the Iraq invasion of Kuwait. The yearly consumption

of $10.5 billion in 1981 has only dropped to $7.7 bil-

lion in 1994, which reflects a reduction in fuel cost

and an increase in fuel consumption.

Aerodynamic performance benefits bought by

1. The physics associated with the laminar to tur-
bulent boundary-layer transition process

Impact of surface tolerances—roughness, wav-
iness, steps, and gaps—on laminar flow extent
(required for manufacturing)

3. Slot, porous, and perforated suction and ther-

In summary, LFC can lead to reduced skin friction mal LFC schemes

drag and thereby reduced fuel consumption. This ben-
efit can lead to either an extension in range for the
same aircraft or to reduced aircraft weight for a fixed
range. For the latter case, less engine power is required
and reduced emissions, noise, and operating costs can
be expected from the LFC aircraft. Noise and emission
reductions have become ever more important and glo-
bal pollution becomes an important variable in the 3.1. Boundary-Layer Instability Issues

design concepts of the future. Although fuel cost has

decreased in recent years, the total volume of fuel con-  As stated in section 2, the reason laminar flow is
sumption has increased and the potential fuel savingsisually more desirable than turbulent flow for external
due to LFC remain a significant cost savings to theaerodynamic vehicles lies with the reduction of the
industry. viscous drag penalty. (See fig. 4.) Do we have a

Issues relating to manufacturing LFC articles

5. The methodology and limitations of transition
prediction (determining laminar flow extent for
projecting benefits to aircraft)



sufficient understanding of the fundamental flow In addition to transition dominated by TS distur-
physics for the problem to design an optimal, reliable, bance, a dynamic instability, termed the crossflow
cost-effective system to control the flow? The answer (CF) disturbance, is an important factor in the extent
is encouraging! of laminar flow realized. The presence of TS and CF
disturbances in the boundary-layer flow is dependent
The first major theoretical contributions to the on the pressure gradient and on the wing sweep angle.
study of boundary-layer transition were made by As shown by Gray (1952), Anscombe and lllingworth
Helmholtz (1868), Kelvin (1880), Reynolds (1883), (1956), and Boltz, Kenyon, and Allen (1960) for
and Rayleigh (1879, 1880, 1887). Although these swept wings and by Gregory, Stuart, and Walker
early investigations neglected the effects of viscosity, (1955) and Reilly and Pfenninger (1955) for rotating-
the second derivative of the mean velocity proved todisk flow, CF disturbances are characterized by coro-
be of key importance in explaining boundary-layer tating vortices (sketched in fig. 12). For example,
instabilities. These fundamental studies proved to beAnscombe and lllingworth (1956) used a symmetric
the basis for future breakthroughs in theoretical devel-airfoil with a 4-ft chord in a wind tunnel experiment to
opment, including inviscid jet-flow instabilities and study the flow on the wing swept fromi @ 5C. The
shear-layer instabilities. Adding viscous effects, Orr results showed that at angles abovet®53C, a criti-
(1907) and Sommerfeld (1908) developed an ordinarycal speed could be found which led to “striations” in
differential equation (Orr-Sommerfeld equation) that the surface flow visualization with transition between
governs the linear instability of two-dimensional dis- 50 and 60 percent chord. As the speed of the free
turbances in incompressible boundary-layer flow on stream increased, the transition moved forward. This
flat plates. Later, Squire (1933) accounted for three-effect of sweep and Reynolds number on transition is
dimensional waves by introducing a transformation shown in figure 13 (Anscombe and lllingworth 1956).
from three to two dimensions. This analysis showed The figure serves to provide a visual qualitative influ-
that two-dimensional waves were dominant in flat- ence of wing sweep. They further noted that as the
plate boundary layers. Tollmien (1929) and transition front moved forward, the laminar boundary
Schlichting (1932) discovered convective traveling- layer became more sensitive to surface conditions and
wave instabilities (fig. 10) now termed Tollmien- the number of turbulent wedges increased. This sensi-
Schlichting (TS) instabilities, and Liepmann (1943) tivity was a unit Reynolds number influence; whereby
and Schubauer and Skramstad (1947) experimentallythe critical height of a roughness element affecting
confirmed the existence and amplification of these TStransition decreased with increase in unit Reynolds
instabilities in the boundary layer. One can visualize number (discussed in section 3.2).
this disturbance by remembering the image of water
waves created by dropping a pebble into a still lake or At the same time, Gray (1952) investigated the
puddle. In this image, the waves which are generateceffect of wing sweep in flight using the Armstrong
decay as they travel from the source. Such is the cas@vhitworth AW.52 aircraft. Visualization was
in boundary-layer flow, except that the waves will achieved through sublimation, or liquid evaporation
grow in strength when certain critical flow parameters from china clay techniques. Most of the results are for
(say Reynolds number) are reached and lead to turbusweep angles of 250 5C, chord locations from 3 to
lent flow. 17 ft, and speeds from 50 to 500 knots at an altitude of
40000 ft. Additionally, a Meteor Fin with 25weep,
Taylor-Gortler vortex disturbances arise when the a Sabre F.86 with 39wing sweep, an Avro 707A
surface geometry becomes concave and are reminisbelta, and a Hawker P1052 were also tested. Gray
cent of counterrotating vortices. A sketch of this (1952) concluded that the leading-edge radius was a
vortex-disturbance structure is shown in figure 11. direct measure of the limit of laminar flow for all mod-
The design engineer would have to be sensitive to thisern flight speeds for sweep angles more thahd0
disturbance only if there is concave curvature such a25°. The amount of laminar flow decreases with
on the lower surface of some wings; otherwise, thisincreased leading-edge radius. Similar to the results
disturbance is not too significant for LFC applications. presented by Anscombe and lllingworth (1956), the
See Smith (1955), Wortmann (1969), and Hall (1983) results of Gray (1952) showed that for a given sweep
for more detailed discussions of Taylor-Gortler angle, laminar flow was lost as the speed is increased
disturbances. to a critical speed. Since those early experiments,



numerous flight experiments have shown that naturalsmall-amplitude disturbances were acoustically
transition moves forward on the wing with increase in excited along the attachment line of a swept cylinder
wing sweep. Flight and wind tunnel measurements ofmodel. Gaster generated sine waves with various fre-
transition location with wing sweep are shown in fig- quencies that were detected in the flow by a hot-film
ure 14 (Wagner et al. 1992). gauge on the attachment line. He noted that the
recorded oscillations had preferred frequency bands
Because a favorable pressure gradient leagdhat changed with tunnel speed and that this behavior

to decreased TS-disturbance growth and increasedVas reminiscent of traveling-wave instabilities. From
CF-disturbance growth (Arnal 1992, for example), the Nis measurements, he concluded that the small-
NLF wing design engineer would seek to optimize the amplitude disturbances in an attachment-llne_ bound-
pressure distribution and sweep for prescribed®Y layer were stable for momentum-thickness
Reynolds number and Mach number such that theR€ynolds numberRe,  below 170. Later, Cumpsty
pressure gradient causes the minimum growth of botr@d Head (1969) experimentally studied large-
the TS and the CF disturbances over the chord of thédMPplitude disturbances and turbulent flow along the
wing (or nacelle, etc.). For large sweep angles, LFC or2ttachment line of a swept-wing model. Without artifi-
HLFC suction is used in the leading-edge region to cially tripping the poundary-layer instabilities, they
suppress the normally rapid growth of the CF observed that laminar flow was stable to small-

disturbances, and then the pressure on the wingMPplitude disturbances up Rey=245  (which corre-
surface is tailored to minimize the growth of all SPONds to the top speed of the tunnel). At the same
disturbances. time, Pfenninger and Bacon (1969) used a wing sweep
of 45° to study the attachment-line instabilities in a
. : _ wind tunnel capable of reaching speeds sufficient to
In ac!d_ltlon to TS and .CF disturbances which Igad obtain unstable disturbances. With hot wires, they
.to tra.n's'ltlon over the wing chord, attachment-line observed regular sinusoidal oscillations with frequen-
instabilities are possible and can be correlated for natqq comparable with the most unstable two-
ural transition in the Imea_r_llmlt with the Reynolds  sional modes of theory: these modes caused
number of the flow. If transition were to occur at some . \<iion to occur at abowRe, = 240. A continued

location on th? attachment line, the outboard por'['Oninterest in the transition initiated near the attachment
of the whole wing would have turbulent flow. Clearly, line of swept wings led Poll (1979, 1980) to perform

this can be understood by viewing the iIIust_ration in additional experiments with the swept circular model
figure 15 (from Wentz, Ahmed, and Nyenhuis 1985) ¢ o, nnsty and Head (1969). Like Pfenninger and
for the attachment-line region of a swept wing. Turbu- Bacon (1969), Poll observed disturbances that ampli-

lence (or attachment-line contamination) from the fied along the attachment line. He noted that no unsta-
fuselage boundary-layer flow can sweep out onto theble modes were observed bel®e, = 230
attachment line and cause the entire wing to be '

engulfed in turbulent flow. However, a turbulence

diverter such as Gaster's bump (Gaster 1965) can be Accounting for all linear terms and using an
effectively used to establish a laminar attachment ””e;eigenvalue-problem approach, Hall, Malik, and Poll
this allows the potential for continued laminar flow on 1984) studied the linear stability of the attachment-
the attachment line. Some methods which can be useéne boundary-layer flow called swept Hiemenz flow.
to prevent turbulent attachment-line contamination areThis three-dimensional base flow was a similarity

illustrated in figure 16 (from Maddalon and Braslow g tion of the Navier-Stokes equations; hence, its use
1990). For LFC or HLFC, strong suction can also be s agvantageous in stability analyses. With a nonparal-
used at the fuselag_e—wmg juncture to relaminarize thgg theory, Hall, Malik, and Poll (1984) determined
flow, and mild suction can be used thereafter on theneira curves with and without steady suction and
leading edge to maintain laminar flow. blowing and demonstrated that the attachment-line
boundary layer can theoretically be stabilized with
Transition along the attachment line can be pre-small amounts of suction. The linear results were
vented by designing the attachment-line Reynoldsshown to be in good agreement with direct numerical
number not to exceed some critical value. This wassimulations of Spalart (1989), Theofilis (1993), and
drawn out in experiments by Gaster (1967), whereJoslin (1995, 1996).

8



Based on these theoretical and experimental studio cause this wedge to cling to the fuselage as much as
ies, the critical Reynolds number for the two- possible; thereby, laminar flow would occur in a
dimensional linear instability of subsonic flows is region close to the fuselage. The author knows of no
Rey = 245. Additional understanding of the instability study which has investigated the potential instability
of the attachment-line flow to three-dimensional dis- of the interface between a turbulent wedge and lami-
turbances must be gained to formulate theories ofnar flow over a wing; however, Hilton (1955) has used
design and implement devices to prevent instability the concept of tailoring the streamlines to the fuselage
growth. to obtain a drag reduction.

In studying leading-edge  contamination, N summary, for wing sweeps froni @ 10, TS
Pfenninger (1965) discovered through flight experi- disturbances amplify and cause natural transition. If
ments that laminar flow could be obtained for the design pressure gradient is favorable (accelerating
Rey < 100 but leading-edge contamination occurred flow), longer runs of laminar flow can be realized
for Rey>100. Gregory and Love (1965) found that because the TS-disturbance growth rate is suppressed,
complete turbulence occurred féte, > 95 in their Whereas the opposite is true with an adverse pressure
wind tunnel experiments on a swept airfoil. Flight 9radient. Wing design should minimize the growth of
experiments by Gaster (1967) showed that turbulentthese disturbances to enable long runs of laminar flow.
spots were first observed féte, >88.  Cumpsty and Between wing sweep angles of°land 30, both TS
Head (1969) and later Poll (1985) used a swept modef"d CF disturbances are present, amplify, and cause
in a wind tunnel to show that turbulence was dampedtransmon; much of the flow physics associated with
for Rey < 99 and the leading edge was fully turbulent the nonlinear interaction of these modes is unknown.
for Rey > 114. Arnal, Juillen, and Casalis (1992) used For wings swept greater than “30CF disturbances
a swept-wing model in a wind tunnel to show that dominate, amplify, and cause transition—often very
leading-edge  contamination was observed ath€@r the leading edge of the wing. Hence, LFC is
Rey =101+ 4. Using the Jetstar LFC flight test air- required to achieve laminar flow on highly swept
craft, Maddalon et al. (1989) indicated that turbulent Wings. Also, the leading-edge radius affects the stabil-
contamination caused transition on the attachment lind® limits of flow along the attachment line, with
of the test article foRey >94. Hence, féte, < 100 increased leading-edge radius being destabilizing to
disturbances are damped, and Rey > 100 the flow the flow.
becomes turbulent. Betweétey = 100  and the linear

critical Reg care must be taken so that the flow is not 3.2, Surface Tolerances for Laminar Flow
tripped. Wind tunnel experiments by Carlson (1964)

indicated that the Reynold_s number based on Roughness, waviness, steps, and gaps are issues
boundary-layer momentum thickness at the front of rg|5ted to manufacturing tolerances. Joints, rivets,
the attachment line should bRe; <150  for very gerew heads, and panel joints contribute to the
small disturbances an&eg<100  for large distur- 1ghness-steps-gaps issue, and stifiness of the skin

bances. As many flight experiments have shown, it imposed loads and overall manufactured skin
maintaining NLF on the attachment line is possible, gmoothness are ingredients in the waviness issue.

and the momentum-thickness Reynolds number can besi,ce the early days of filling, sanding, and smoothing
lowered by reducing the leading-edge radius or unitsf et articles, the present day standard production-
Reynolds number. Decreasing the leading-edge radiug,ajity manufacturing techniques have enabled the
has the compounded benefit of decreasing the chordy,yiness issue to be surmountable. A thorough review

wise extent of the crossflow region and providing a of the manufacturing tolerance issue is described by
more rapid acceleration of the flow over the wing. Carmichael (1979) and Holmes et al. (1985).

Additionally, a turbulent wedge, originating at the In the First Wright Brothers’ Lecture (in honor of
fuselage—wing-leading-edge juncture, can sweep outhe famous aeronautical pioneers Wilbur and Orville
over a portion of the wing root region and is a concernWright) held at Columbia University, New York, on
for NLF and LFC wing design. Clearly, one would December 17, 1937, B. Melvill Jones presented
attempt to optimize the fuselage—wing juncture point an overview of flight test experiments conducted
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(mainly) at Cambridge University in England. Jones In experiments to examine transition in flight,
(1938) stated that the main conclusions from thoseStephens and Haslam (1938) used a Hart K1442 air-
flight experiments were craft which had a 2D wing test section and a Snark
L6103 aircraft which had a mildly swept-wing test
1. Drag predictions for moderately thick wing section. Among the reported results, spanwise ridges
shapes can be made based on smooth flat-platef height 0.002 in. caused transition to move forward
skin friction data if the transition points were at chord Reynolds numbers ofx510° and more; the
known for the wing database did not provide sufficient information for
transition prediction (or correlation).
2. Laminar flow could be maintained up to
30 percent chord (with drag reductions of 30 to Surface roughness flight experiments described by
35 percent) for chord Reynolds numbers of Bicknell (1939) were conducted on a Northrop A-17A
5x 100 to 10x 1P single-engine attack airplane. The focus of the study
was to characterize the impact of conventional
3. Small roughness and waviness moved transi-manufacturer-induced roughness and gaps (rivets, lap
tion points forward (increased drag) joints, access panels, and hinges) on drag. The results
for a standard wing were compared with a smooth
The flight and wind tunnel tests have provided our Wing at a chord Reynolds number up tox15°. The
current understanding of the mechanisms which causaving was made smooth by filling lap joints and
transition to move forward because of surface imper-cementing pieces of rubber sheeting to build up the
fections. The impact of a surface imperfection (such asareas of rivet protuberance. The results show that a
a rivet head) on the transition location can be viewed50-percent increase in the profile-drag coefficient was
either by looking at the transition location as a func- obtained with the rough wing compared with the
tion of imperfection size for a fixed unit Reynolds Smoother wing.
number or by keeping the size of the imperfection
fixed and looking at transition location as a function of At the Royal Aircraft Establishment (RAE) in
unit Reynolds number. The illustration in figure 17 England, Young, Serby, and Morris (1939) reported
(Holmes et al. 1985) depicts the latter case, where then the impact of camouflage paint, snap rivets, flush
amount of laminar flow is decreased as Reynoldsrivets, lap joints, and leading-edge slats on wing drag
number is increased. The problem is then to determineof the prototype Battle. The Battle had wings with low
what roughness height and shape for a given Reynoldsweep, with each wing containing three bomb doors
number will cause a reduction in the amount of lami- on the underside of the wings (reason for joint study).
nar flow obtainable. In either case, the imperfection The tests were conducted by fitting specially prepared
stimulates eigenmodes in the boundary layer; the lin-skins over portions of the wings (approximately,
ear stability of the flow dictates whether these modesNACA 2417 airfoils). The range of chord Reynolds
will grow or decay as they evolve in the flow. How- number was 1% 10P to 18 x 1¢° with approximate
ever, as the height of the imperfection or unit unit Reynolds numbers per foot of 12 10° to
Reynolds number increases, a point is reached wherd..8 x 10°. Both the drag due to the variation of transi-
flow separation occurs because of the surface imperdtion location (due to protuberance) and drag due to the
fection. At this point, inviscid instability arising from protuberance itself were measured in the course of the
the inflectional velocity profile can grow and induce flight test. For the Reynolds number per foot of
transition. Or if the imperfection is sufficiently large, 1.8x 10%, transition was forced upstream of the protu-
linear instability amplification is “bypassed” and tran- berance of interest. In brief, the conclusions of this
sition follows by way of a nonlinear process. Our cur- flight test were
rent understanding of imperfections suggests that
larger critical step heights can be realized with 1. Camouflage paint did not influence the transi-
rounded steps because a reduced region of separation tion points; however, painting the wings of the
and reduced inflectional instability growth are encoun- Battle-type aircraft reduced its top speed by
tered in the experiments. about 3 to 4 percent
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2. Span rivets both increased drag and affectediift coefficient and Reynolds number (i.e., quantitative
the transition point; for example, completely evaluation was not possible), some qualitative com-
fastening the wings of the Battle-type aircraft parisons can be made with reference to surface and
with rivets 0.04 in. high and 0.25 in. wide engine conditions. A two-tube rack was used to mea-
caused a decrease in the top speed of the airsure the transition location. For the design lift coeffi-
craft by about 2.5 percent cient(C, = 0.2) and Reynolds number of 260105,

transition occurred at 42.4 percent chord (for engine-

3. Flush rivet drag was negligible but the transi- Off conditions). The pressure minimum for this airfoil
tion point was affected with this type of rivet; IS at approximately 45 percent chord. For this best
the implementation of flush rivets should be as laminar flow case, the surface had a waviness ampli-
far back from the |eading edge of the W|ng as tude of 0.001 in., which was obtained through pOliSh-
possible ing the surface. For the same flight conditions and a

surface waviness amplitude of 0.005 in., transition

4. Ten unchamfered rearward facing lap joints occ_urrgd gt 325 percent chord. This_ early work gave
(1/16 in. high) decreased the top speed of the@n indication of the influence of waviness on laminar
Battle-type aircraft by 2.5 percent; however, flow extent; however, _because no surface wavelengths
chamfered to a gradient of 1:5 led to only a were presente_d, the fllght d_ata cannot be_used for wav-
1.5-percent speed reduction iness correlations. Finally, it was recognized that dif-

ferences in flight test results and wind tunnel results

were directly impacted by residual turbulence, even in

5. The addition of a leading-edge slat to half the the “quiet tunnels” of that time.

wing of an aircraft with transition occurring
near the leading edge led to a top speed reduc-
tion of 1 to 2 percent for a very well-fit slat and Fage (1943) performed the first systematic wind
of about 2.5 percent for an average-fit slat; if tunnel experiment to characterize the surface waviness
transition was not at the leading-edge region, impact on laminar flow (point of transition) for a flat-
then the slat-incurred drag would be greater plate boundary-layer flow. The experiments were car-
than if it were ried out using “corrugations"—smooth bulges and
hollows and flat ridges—on one side of a smooth flat
6. Formulas for estimating the drag effects due to aluminum plate which had an elliptical leading edge.
rivets and lap joints were shown to be in good Although the tunnel could produce sufficiently clean

agreement with experimental results; although flows up to a tunnel speed of 140 fps, the experiments
the formulas for describing the drag due to riv- Were carried out so that the corrugations impact transi-

ets and lap joints are very important for turbu- tion well below 140 fps and are not affected by free-

lent configurations, the capability to predict the Stream turbulence in the wind tunnel. Positioned 20 in.

impact of the protuberance on the transition downstream of the leading edge, a strip of spring steel
location is more significant for NLF and LFC Was used to form bulges and hollows and a piano wire
applications was used for ridges. Small surface tubes (mounted on
the plate) were used to indicate when a corrugation
caused transition to move forward as the tunnel speed

Wetmore, Zalovcik, and Platt (1941) performed a :
was varied.

flight investigation to study the boundary-layer char-
acteristics and profile drag of a 2D laminar flow airfoil
at high Reynolds numbers. They used a Douglas B-18  For this zero pressure gradient case, Fage (1943)
aircraft modified with an NACA 35-215, 17-ft chord found empirical expressions which gave an estimate
by 10-ft span test panel positioned on the wing 13 in.for the minimum height of spanwise bulges, hollows,
outboard of the propeller-pulled engine of the aircraft. and ridges that affects the position of transition in the
The test covered Reynolds numbers from@0® to experiments. The experiments showed that the mini-
30 x 10P and included variations in power and surface mum height is not especially dependent on the form of
conditions. Engine power variations were made tothe corrugation, and it appeared that the flow condi-
determine the impact of the engines on profile drag.tions that impact the transition location were related to
Although there was no fixed relationship between thethe local separation of the laminar boundary layer.
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However, as Fage noted, it was not expected that theseess by the use of appropriate filler and careful rub-
simple relations take into consideration all flow condi- bing down the surface. Surface waviness was
tions. In particular, only flow separation was consid- measured to be less than 0.001 in. The results showed
ered and the stability of the flow downstream of the a 26-percent decrease in the drag coefficient compared
corrugation should be accounted for as well. Fage'swith previous flight test results. Laminar flow was
work did not include the effects of compressibility or realized to between 50 and 60 percent chord of the test
sweep. section (the pressure minimum was designed for about
50 percent chord). The conclusions from this flight

At the same time, Braslow (1944) was studying test were in agreement with the previous King Cobra

the impact of roughness on transition in a less system!€St, namely, reducing the surface waviness to
atic manner than Fage (1943). The effect of variouso_-001 in. led to 5|gn|f|ca_nt runs of laminar flow for
camouflage paints and the painting procedures on thdlight Reynolds numbers in the range of 20,

drag characteristics on an NACA 65-420 airfoil

section were examined. Using the Langley Low- The earlier wind tunnel and flight experiments
Turbulence Pressure Tunnel (LTPT), Braslow (1944) served to illustrate the impact of surface smoothness
showed that a carefully applied camouflage painted(roughness and waviness) by demonstration. The fol-
surface could retain the low-drag characteristics of thelowing subsections present the current understanding
airfoil up to chord Reynolds numbers of 220°. This of surface smoothness, building upon these earlier
maximum Reynolds number could not be overcometests.

unless some light sanding was applied to the painted

finish. This experiment demonstrated the impact
roughness could have on drag (or transition) with unit
Reynolds number variation.

3.2.1. Waviness

Carmichael, Whites, and Pfenninger (1957),
, _ Carmichael (1959), and Carmichael and Pfenninger
~ Smith and Higton (1945) reported the results of (1959) developed the basis for “allowable waviness
King Cobra flight tests to determine the (surface) cri- riteria” for swept and unswept wing surfaces, influ-
teria for laminar flow and the practicality of meeting opced by compressibility, suction, single bulges, mul-
the necessary requirements. The impact of rain, dustjple waves, and wing sweep. The criteria are still
insects, and surface-finish polish on the flow was \5jid today and were based on the available flight test
assessed. Dust and water accumulation did nojyhservations. Flight test experiments were carried out
increase the measured drag, whereas as the tempergy, sing the F-94A airplane with 69 suction slots as
tures increased in April 1945, it became impossible 10 yascriped by Groth et al. (1957). Sinusoidal waves
fly without insect contamination affecting drag mea- \yare obtained over the width of the test section by
sured in flight. Also, the results showed that reducing applying paint with the wavelength specified by mask-
the waviness t&0.001 in. led to runs of laminar flow ing tape. Wave height and length were varied in a
to 60 to 65 percent chord. Gray and Fullam (1950) region of growth (28 percent chord) prior to the
reported wind tunnel tests for the King Cobra wing gyction influencing the disturbance evolution. The
model in the RAE No. 2 11.5- by 8-foot tunnel. Con- reqits showed that the extent of laminar flow was
sistent with the flight experiments, low drag was real- nore sensitive to the chordwise pressure distribution
ized for Reynolds numbers of 16_106; however, the  {han variations in Reynolds number for the critical
existence of turbulence in the wind tunnel, which is wave; an increase in a favorable chordwise pressure
not present in free flight, caused some degradation ofy5gjient was required to maintain laminar flow in the
the range oC;  and a ragged transition front. presence of a surface wave. The relationship found
between the critical wave height and wavelength was
Plascott (1946) and Plascott et al. (1946) con- h2/\ = Constant. Sinusoidal waves at 15 percent chord
ducted a flight test with a Hurricane Il aircraft to mea- were also studied. Only small increases in allowable
sure improvements in laminar flow extent by reducing waviness were realized in this strong favorable pres-
surface waviness. The manufactured wing was foundsure gradient region, probably because the boundary
to have waviness which prevented significant regionslayer was thinner compared with the 28-percent chord
of laminar flow. The manufacturer reduced the wavi- case.
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The flight test results showed that waves above aThe allowable height for aft-facing steps is one half
surface caused sinusoidal pressure disturbances whicthe allowable for forward-facing steps. The allowable
affect the TS-disturbance growth. The relationship gaps for flow over the gap is
between the surface wavelength and critical TS
wavelength could lead to a detrimental resonance con- (Relft)g = 15000 (3)
dition or not impact transition if nonresonant. From

the research results of Fage (1943) and Carmichael e4,,q the allowable gap width for flow along the gap is
al. (1959), the mechanisms for causing transition t0gpne seventh the gap width for flow across the gap.
move forward due to surface imperfections were real-

ized. First, a local separation region due to the surfac : : : N
imperfection could cause Rayleigh'’s inflectional insta-e‘g'z's' Three-Dimensional Surface Discontinuities
bility. Second, the local adverse pressure gradient
could cause amplification of TS disturbances. The
impact of compressibility is both favorable and unfa-

The flow tolerance to roughness was also investi-
gated in the flight test. Single and multiple spherical-
shaped glass beads and steel disks were used as rough-

vorable in a countercompeting manner. Although . s
D e : ness on the test section. At 22 percent chord, critical
compressibility is stabilizing to TS disturbances, com roughness heights of 0.0105. 0.007, and 0.0055 in.

pressibility increases the amplitude of the pressure dis-

turbance of the surface imperfection; however, which Were Obt?"”ed fo_r a single sphere, a single disk
effect dominates is not clear. (Height/Diameter = 0.167), and a multibead band of

distributed roughness, respectively, for a Mach num-
ber of 0.68 and altitude of 26 000 ft. At 2.5 percent

Wing sweep was observed by Carmichael and .
Pfenninger (1959) to lead to a reduction in the allow- chord,_ _where_the boundary layer was _much thlr_mer,
the critical heights decreased to 0.007 in. for a single

able waviness, probably because of the impact of both

. . sphere and to 0.004 in. for the single disk for the same
TS disturbance growth and CF disturbance growth. . : .
Shown by Carmichael (1979), Braslow and FischerMach number and altitude. Carmichael, Whites, and

(1985), and Braslow et al. (1990), the critical size for Pfenninger (1957) explored the definition of the criti-

: . ) . . cal roughness condition
waviness parallel to the wing span and involving a sin-
gle wave was

R Ulk (4a)
& = a
a _ 5900 COSZ/\EF/Z @ v
A0 32 [
)‘Rec Ukk
K

For multiple waves parallel to the wing span, the criti-
cal waviness becomes one third of the single-wave cri- . . .
teria, and chordwise wave criteria are found by yer:gg?tk Iztt?r?ehtilgTf?L;hfoLouhgnhens(esSSkarti dls theilsofﬁé
doubling the spanwise criteria (Braslow et al. 1990). local kiynematic viFécosit and? i trl?e Iocsl’ otential
An example of the waviness criteria for a LFC air- velocity. Equation (4a)y’shoulld be used to dpetermine
plane with a given wing sweep, Mach number, and y- £

. . o critical roughness heights near the leading edge of the
Iazlligt:uhdeer 1|39835r)10wn in figure 18 (from Braslow and wing, and equation (4b) should be used in other than

the leading-edge region. Essentially, the flight test

_ _ _ o results showed that these parameters were a linear
3.2.2. Two-Dimensional Surface Discontinuities function of the roughness height.

ties can be found in Braslow and Fischer (1985) andyetermining the critical height of three-dimensional
Braslow et al. (1990). The allowable step height h for gyghness particles which would cause premature

forward-facing steps is laminar-to-turbulent boundary-layer transition. An
equation was derived which related the critical rough-
(Re/ft)h = 1800 (2 ness height to local flow conditions (i.e., the local
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temperature and velocity conditions in the boundary  These wind tunnel and flight experiments demon-
layer). The results were presented for zero-pressurestrated the sensitivity of the flow to the surface defini-
gradient flow for Mach numbers from 0 to 5. A rough- tion. They also showed that with some careful surface
ness Reynolds numbéte, ~ of between 250 and 600preparation, laminar flow could be obtainable. The
for Mach numbers up to 2 apparently caused premastringent surface smoothness and waviness criteria
ture transition. Then, based on the assunks] (tolerances) for laminar flow posed a major challenge
which caused transition for known values of Mach for research in the 1950s and 1960s. A partial explana-
number, unit Reynolds number, and roughnesstion for the descope of subsonic LFC in the 1950s was
location, the critical roughness height could be attributable to the severe surface manufacturing toler-
determined. ances required to achieve laminar flow. However
the manufacturing technologies of the 1990s have
Braslow and Maddalon (1993, 1994) discussed matured to the point that surface definition tolerances
roughness-related results of the Jetstar LFC flight testare more readily achievable.
A ratio of roughness diameter to height between 0.5

and 5.0 is permissible in the high crossflow region of 3 3 ritical Suction Parameters for LEC
swept-wing flow. N

As part of the Saric (1985) review of LFC control
with suction for AGARD, the issue of transition

altitude for a fixed Mach number is shown in figure 19 . g .
. . . caused by local streamwise vorticity generated in the
(Braslow and Fischer 1985). As the altitude increases, : :
boundary-layer flow over a suction hole was briefly

the unit Reynolds number decreases and the allowablée .
g . . covered. Essentially, the threshold parameters are not
critical roughness heights can therefore increase.

known when these vortices appear nor what strength
and impact they have on the flow instabilities. These
parameters involve hole size, suction flow rate, hole
spacing and geometry, and hole inclination.

An example of the critical roughness height with

The current understanding of the mechanisms
which cause transition to move forward due to surface
imperfections includes

The earliest fundamental understanding of the crit-
ical suction issue was reported by Goldsmith (1955,
1957), where experiments were conducted in the
Northrop 2-in-diameter laminar flow tube to deter-
mine universal critical suction curves that would be
) ) used to design suction through isolated holes or a row
2. The local adverse pressure gradient induced byt pgles. Nondimensional parameters were determined

the surface imperfection could cause the ampli- o results over a large range of boundary-layer

fication of TS disturbances, which would cause peynolds numbers, tube velocities, and hole configu-
premature transition rations. Tube velocities were determined from
pressure-tap records, and the state of the boundary
3. Depending on the relationship between surface|ayer was determined to be either laminar or turbulent
wavelength and the disturbance (TS or CF), \ith a stethoscope. The critical suction was affected
transition can move forward or be postponed in by the hole diameter, the hole spacing, and the
the CF-disturbance regions (due to wave super-poundary-layer thickness. The suction was adjusted
position and relative wave phase) from a flow condition which was turbulent until the
flow became laminar. This suction level which led to
4. The critical wave height decreases with |aminar flow was called the critical maximum value.
increased number of waves When a sufficiently low suction level is reached that
any further decrease in the suction would lead to a
5. Forward-facing rounded steps near the leadingturbulent flow, the minimum suction values were
edge had nearly a 50-percent increase in theobtained. The critical maximum suction arose because
critical step height compared with forward- with suction higher than this value, the three-
facing square steps dimensionality of the flow into the hole would cause

1. A local separation region due to the surface
imperfection could cause Rayleigh’s inflec-
tional instability, which could cause transition
to move forward
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premature transition. Goldsmith (1955) noted that theamong previous investigators, and summarized the
critical suction quantities were dependent more on theresults. Noting the decline in the feasibility of suction
gap between adjacent holes than on the diameter oslots for swept-wing configurations, Gregory pointed
centerline spacing. Also, the critical suction was out that as the wing was swept, the effective distance
reduced for holes aligned at an angle (swept) to thebetween slots increased. Hence, a loss of the slot
stream tube compared with holes perpendicular to theeffectiveness for control occurred especially near the
stream-tube axis. Significant to Goldsmith (1957) was leading edge. Hence, the advantages of a wholly per-
the discussion of the impact of parameter variations onforated suction surface become pronounced with no
multiple rows of holes. Namely, the action of vortices “obvious” flow-directional dependence for such a
from holes in different rows can lead to horseshoe vor-LFC surface. Gregory listed the 1961 known materials
tices, which then lead to turbulence. This undesirablefor LFC to be sintered metals, fiberglass compacts,
flow phenomenon can happen with lower suction perforated sheets, wire cloth, electro-deposited mesh,
compared with the isolated hole or row of holes. Gold- slits, and organic fibers. The criticality of issues such
smith noted that the associated flow pattern with mul-as roughness and porosity varied depending on the
tiple rows of holes was complicated and may be material used.

sensitive to the suction distribution and pressure

gradients. Meitz and Fasel (1994) used an unsteady Navier-

Rogers (1957) reported results of experimentssmkes solver (direct numerical simulation, DNS) to
intended to extend the database of knowledge fromstudy the flow field adjacent and downstream of suc-

low Reynolds number pressure drop through holes andion holes. The Goldsmith (1957) parameter space was
slots to the intermediate regime. As the ReynoldsStUd'ed where low suction-induced vortices decayed

number increased, presumably a vortex formed at th/Vith downstream distance and high suction-induced
inlet edge of the hole or slot causing a flow-separationvort'ces coalesced with vortices from adjacent holes to

region. Reattachment could be rather abrupt down-Cause premature transition to turbulence. In agreement
stream of the hole or slot. No theory was available toWith the Goldsmith experiments, the simulations of

predict the behavior of the flow in this intermediate M€itz and Fasel showed that low suction through the
region. Pressure recovery coefficients versus slot0les generated a pair of vortices which decayed with

width were presented. Because this report was esserflownstream distance. As the suction increased to
tially a contractor progress report, no conclusions S°me crltlcgl value, the vortices pecame unstal_:JIe.
were drawn: however, the author did make the inter_Larger su_ctlon led to vortex shedding at the suction
esting point that there was some uncharted regimd'0l€ location.
between laminar suction attached flow at low
Reynolds number and free-jet flow at high Reynolds Supported by the European Communities Indus-
number. For sharp-edge holes and slots, the experitrial and Materials Technology Program under the
mental results agreed with theory for the pressure drog_aminar Flow Investigation (ELFIN) Il Project,
coefficient at low Reynolds number flow. As the MacManus and Eaton (1996) performed three-
Reynolds number increased, the experimental pressurdimensional Navier-Stokes simulations of the suction
drop coefficient broke away from the theory and at through holes to study the local flow physics involving
high Reynolds numbers approached the asymptoticsingle and multiple rows of holes. Variations in hole
nonviscous free-jet flow theory. However, for the diameter, bore shape, inlet shape, and inclination of
holes and slots with rounded edges, no development ofhe hole to the surface on the resulting flow were eval-
unstable vortices or separation was observed in thejated with the simulations. See figure 20 for an illus-
experiments. The results suggested that (if practicakration of the holes studied by MacManus and Eaton
from manufacturing operations) rounded edges for(1996). Although a detailed survey of the impact of
suction LFC are preferred to conventional sharpthe geometrical variations on the flow is very impor-
edges. tant for the design of LFC systems, only selected
results were presented by MacManus and Eaton, most
Gregory (1961) reviewed the status of suction sur-likely because of page limitations. From those select
faces for LFC application, including the surfaces usedcases, the conclusions were (1) irregularities of the
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hole shape had minimal effect on the induced flow, 3.4. Manufacturing Issues
(2) it was undesirable to have holes inclined to the
surface, (3) the flow field at the hole inlet was highly In the early years of airplanes, thin metal skins,
three-dimensional, (4) the sucked stream tube wasmultiple spanwise stringers, and countless fasteners
approximately the shape of a circle segment, (5) the(e.g., rivets) on the surface prevented achieving lami-
pressure drop and mass flow rate were insensitive tthar flow. On research aircraft, fillers were used even
the hole inlet geometry, and (6) interhole flow field into the 1980s to smooth problem areas of the surface.
effects existed for staggered multiple rows of holes. with the advent of bonded sandwich construction
(Incidentally, the adjacent rows of holes were stag- methods, the production surface became as good as
gered.) MacManus et al. (1996) performed comple-the production mold definition. The surface structure
menting experiments to study the flow in the vicinity became sufficiently stiff so that adequate waviness cri-
of a LFC suction hole. The LDV measurements con- teria could be maintained under loads (in subsonic and
firmed that the flow field near the hole was highly transonic aircraft) and the new production capability
three-dimensional. in the 1990s has solved (in principle) the task of manu-
facturing laminar flow quality surfaces.

Anselmet, Mérlgaud, and Fulachier (1992) used
an IMST water tunnel in France and laser Doppler 3.4.1. Joints
velocimeter and other flow visualization to determine
the flow structure of suction through and near a single  Potential issues still remain associated with struc-
orifice to determine the optimal dimension of the hole tural joints. The issue of critical waviness caused by
and flow rate. The experiments showed that if suctionthese intersections must be part of the design process.
was too large, premature transition would occur. TheThe intersection of these major structures may have
study focused only on single-hole flows and con- fasteners which protrude above the surface and cause
cluded by noting the importance of multiple-hole flow interruption by way of steps and gaps. To avoid
alignment studies toward the LFC problem. this problem, a recessed intersection region could be

employed, which would remove the fastener issue and

To evaluate the potential use of perforated suction®@Uld require a flush-ill technique to cover the
recessed connection area. Similar to the structural

strips of LFC, Cornelius (1987) used a low-turbulence .~~~ :
wind tunnel at Lockheed-Georgia Company and com-[0INts Issue, access dqors are a normal fgature on air
pared the strip results with slot suction. A flat plate craft and require special attention for laminar flow to

was used with a slot thickness of 16 percent of thebe achievab_le. F.Iush m.ounting tp within a few thou-_
local displacement thickness and a perforated stripS2nds Of aninch is required; sealing the access panel is
with a width of 15 percent of the displacement thick- /S0 required to prevent air bleed from the panel.

ness as the test article. The slot thickness of 0.25 mm

was cut with a saw, and the perforated strip had3.4.2. Holes

45 rows of 0.25-mm-diameter electron-beam-drilled

holes. The results showed a distinct difference Comparable with early analysis on the Jetstar
between the slot and perforated strip with very large (Powell 1987), Boeing 757, and F-16XL (Norris 1994)
magnitude shear near the downstream end of the slot_FC flight test articles, Parikh et al. (1990) studied the
With a portion of the perforated strip (80 percent of suction system requirements (based on computational
the width was covered with tape), suppression of theanalysis) for SLFC on a High-Speed Civil Transport
disturbance amplification was equivalent to using the (HSCT). In the analysis, the perforated skin had hole
suction slot. Compared with the results using the diameters on the order of 0.002 in. (0.05 mm), hole
wider perforated strip, it is demonstrated that suctionspacing of 0.01 in. (0.025 mm), and a skin thickness of
through the slots or narrow perforated strips have a0.04 in. (0.1 mm). With this information, it is clear
greater beneficial effect on the boundary-layer stabil-that millions to billions of holes are required for a
ity. These results suggested that analysis which usedarge-scale wing. For example, the hole spacing sug-
continuous suction (wide strips) would be a conserva-gests that 10000 holes are contained in a square inch
tive approximation to suction slots or thin perforated or 1.4 million holes are found in a square foot. For
strips. a large application such as the proposed HSCT,
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420 million holes would be required on the wing if no particular characteristic diameter (without a statisti-
HLFC were applied to the leading-edge region cal determination of the hole diameter). The flow
(assuming a region of 100 ft of span by 3 ft of chord). through the hole was characterized by incompressible
If the entire wing was used for LFC, then approxi- laminar pipelike flow. The flow rates of interest led to
mately 12 billion holes would be required and obvi- the pressure drop being a quadratic function of the
ously will become a significant manufacturing task. mass flow rate.

This large number of holes is an overly conservative
e_stlmate becal_Jse the hole size and spacing are a func- Buxbaum and Hohne (1996) outlined the testing
tion of the suction level and the placement (e.g., on the

: ) ) of two perforated titanium sections to be used in a
attachment line versus on the wing rooftop region). LFC wind tunnel experiment at Arizona State Univer-

sity. The first panel was a uniform aligned panel, and

In Germany, Schwab (1992) discussed the the second panel has a sine pattern to the hole align-
electron-beam drilling process for creating holes in ament. Observation of the sections indicates that the
surface for suction LFC. Note that the Jetstar flight laser-drilled holes range in spacing (0.35 to 0.95 mm)
test (Powell 1987) made use of this hole-drilling tech- and shape. The holes were noted to be seldom circular
nique. With this method, some 3000 holes could beas designed. LDV and hot wires were used to measure
generated per second with hole diameters as small athe flow resulting from suction through the holes.
0.04 mm in 0.5-mm-thick sheets of stainless steel toAlthough measurements of each individual hole were
0.06 mm in 1.0-mm-thick sheets. As the material unobtainable, an innovative approach using a small
thickness increased, the minimum hole diameterfunnel placed perpendicular to the surface was used to
increased. To control the geometrical definition of the make measurements to about 1.5 mm. The drilling
hole, a pulse procedure was required. Essentially, alirection during the manufacturing process was pre-
high-power electron beam impinged on the surface tosumed to have a large impact on the quality of the
melt and vaporize the material at impact. Cross sectesulting holes. The measurements revealed that the
tions of the drilled holes indicated that the uppermostdeviation from the desired uniform velocity was 2 per-
part of the drilled holes was 2 to 2.5 times larger in cent (0.05 m/sec) for the uniform panel and 14 percent
diameter than the exit diameter, with the exit of the (0.18 m/sec) for the sinusoidal panel.
hole being absolutely burr-fee and round. (See
fig. 20(b) for an illustration.) This drilling technique
suggested that holes drilled for LFC should be drilled 3.5. Transition Prediction Design Tool
from the interior to exterior so that the interior hole Methodology
diameter is bigger than the exterior. Therefore, for
' sudion, the artice wil be able 10 feey exit the , TE Improvements in aerodynamic_effciency

' y directly scale with the amount of laminar flow

e a0l gL 10020 1 eacevea. Hence, the designer must b able 10 accu
Lo } ' rately predict the location of boundary-layer transition
laser drilling has been successfully used for LFC ately predict the location of boundary-layer transitio

. : ~_~on complex, three-dimensional geometries as a func-
iggg()x:[:wodntsﬁeEl,i?tth)erleSElggl?NgorZissTl;glzll;%ig(ti(i!gs tion of suction distribution and suction level (or the
had skins which had their holes drilled with a laser. accurate prediction of the suction distribution for a

The laser would produce holes with characteristicsgiven targettransition Iocation). Pressure gradient,
similar to the electron beam surface curvature and deformation, wall temperature,

wall mass transfer, and unit Reynolds number are
known to influence the stability of the boundary layer
Supported by the ELFIN Program, Poll, Danks, and transition location. For practical HLFC designs, it
and Humphreys (1992) looked at the aerodynamic perdis imperative to be able to accurately predict the
formance of laser-drilled suction holes relative to the required amount, location, and distribution of wall
pressure drop across a given surface for a given massuction (or thermal control or any other control tech-
flow rate and hole diameter. They observed that lasemique) to attain a given (“designed for”) transition
drilling produced a random variety of hole shapes with location.
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This section describes the conventional and3.5.2. C1 and C2 Criteria
advanced transition prediction tools, some of which
include prediction of perturbations to the laminar At ONERA, Arnal, Juillen, and Casalis (1991)
boundary layer, the spectrum and amplitudes of theseperformed N-factor correlations with wind tunnel
perturbations, and the linear and nonlinear propagatiorexperimental results of a LFC suction infinite swept
of these perturbations, which ultimately leads to wing. The motivation for the study was to gain funda-
transition. For literature focusing on the theoretical mental understanding of the transition process with
and computational aspect of transition prediction andsuction and to test the methodologies developed at
LFC, refer to Cousteix (1992) and Arnal (1984, 1994). ONERA-CERT for three-dimensional flows. The
streamwise instability criteria were based on an exten-
sion of Granville (1953). Two crossflow transition cri-
3.5.1. Granville Criterion teria have been developed by Arnal, Habiballah, and
Coustols (1984) at ONERA and are referred to as C1
I- and C2. The C1 criterion involves a correlation of
transition onset integral values of the crossflow
Reynolds number and the streamwise shape factor.
The C2 criterion is a correlation of transition onset
with a Reynolds number computed in the direction of
the most unstable wave, the streamwise shape factor,
acteristic of most wind tunnels are the two problems and the free-stream turbulence level. The results dem-

considered relative to a transition criterion. The low- onstrate that the transition criteria cannot be applied in

turbulence case assumed that transition was TS distur->9'0"S where the pressure grad|ent_ IS mlld because
bance dominated and began with infinitesimally there is a large range of unstable directions. I'n that
small-amplitude disturbances. Walz (in Oudart 1949) region, one Ca”r.‘?t look only at pure streqmmse or
suggested that rough empirical criteria for transition crossflow mstabllltle_s. The Cl_ criterion gives bad_
would indicate transition occurred at three times there;ults with wall suction present, how_ever, the C2 cri-
neutral stability Reynolds number. With data from terion correctly accounts for wall suction.

Dryden (1936), Hall and Hislop (1938), Schubauer

(1939), and Schubauer and Skramstad (1948)3.5.3. Linear Stability Theory

Granville (1953) showed that a variety of flight and

low-turbulence wind tunnel data collapsed into a crite- ~ The equations governing the linear stability of dis-
rion (curve) based oRey 1 —Reg . which is the dif- turbances in boundary layers were first described by

ference between the momentum thickness ReynoldsOrr (1907), S_ommerfeld (_1908)’ _and Squ"e (19:_33)'
These equations are ordinary differential equations

nu_mlzer at transition and at the neutral point, versusand are referred to as the “Orr-Sommerfeld and Squire
62 dU - hich is the average pressure gradient param-eduations.” Although the growth or decay of small-
v dx amplitude disturbances in a viscous boundary layer
eter. This correlation was demonstrated for two- could be predicted by the Orr-Sommerfeld and Squire
dimensional flows and is shown in figure 21 with data equations (within the quasi-parallel approximation),
from Braslow and Visconti (1948). Granville used a the ability to predict transition came in the 1950s with
transformation to convert this information to a body- the semi-empirical method by Smith (1953). This
of-rotation problem. The data were also correlated transition-prediction method—callee] d-factor
with turbulence level in the free stream as shown inmethod—correlates the predicted disturbance growth
figure 22. Extrapolation of the criteria would work for with measured transition locations. Although limited
a two-dimensional airfoil dominated by TS transition to empirical correlations of available experimental
(Holmes et al. 1983), whereby the existing databasedata, it is the main tool in use through the 1990s.
included this form of transition. However, when the

Granville (1953) reported on a procedure for ca
culating viscous drag on bodies of revolution and
developed an empirical criterion for locating the tran-
sition location associated with low-turbulence flows.
Low (or zero) turbulence characteristic of flight or
low-turbulence wind tunnels and high turbulence char-

design configuration begins to significantly differ Linear stability theory represents the current state
from the existing database, this transition prediction of the art for transition location prediction for three-
criteria would likely fail. dimensional subsonic, transonic, and supersonic
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flows. To begin a transition prediction analysis, the tions to predict the location of transition from laminar

steady, laminar mean flow must first be obtained to turbulent flow.

(either by Navier-Stokes solutions or by boundary-

layer equations). Then the three-dimensional The disturbance evolution and transition predic-

boundary-layer stability equations (Orr-Sommerfeld tion tools require an accurate representation of the

and Squire ordinary differential equations) are solvedmean flow (velocity profiles). Either the velocity pro-

for the amplification rate at each point along the sur-files can be extracted from Navier-Stokes solutions or

face, based on the assumption of small-amplitudeare derived from solutions of a coupled Euler and

disturbances. boundary-layer equation solver. Harris, lyer, and
Radwan (1987) and lyer (1990, 1993, 1995) presented

Significant advances have been made in the under@PProaches for the Euler and boundary-layer equation

standing of the fundamentals of two- and three- solver. Harris, lyer, and Radwan (1987) demonstrate
dimensional, unsteady, viscous boundary-layer flow the accuracy of a fourth-order finite-difference method
physics associated with transition (see reviews byforaCessna aircraft fuselage forebody flow, flat-plate

Reshotko (1976); Herbert (1988): Bayly, Orszag, and boundary-layer flow, fIc_)w around a cylinder on a flat
Herbert (1988); Reed and Saric (1989); and KachanoP'ate. a prolate spheroid, and flow on an NACA 0012
(1994)) and CFD mean-flow capabilities in complex swept wing. In terms of computational eff|C|ency,' t_he
geometries, turbulence modeling efforts, and in the Euler and boundary-lgyer approac_h for obt.alnlng
direct numerical simulation of the unsteady flow phys- accurate mean flows will be the solution of choice for

ics (Kleiser and Zang 1991). However, a transition- mos_t of the preliminary design stages; however,
prediction methodology devised in the 1950s is con- Navier-Stokes solvers can be used for LFC design. A

sidered state of the art and is being used by industr)}imiting factor for the Navier-Stokes mean flows is the
for LFC-related design through the 1990s. This demanding convergence required for the suitability of

transition-prediction methodology termed the the results in the boundary-layer stability codes.

method is semi-empirical and relies on experimental

data to determine tHé-factor value at transition. To obtain the stability equations, begin with the

full incompressible Navier-Stokes equations that are

To derive the stability equations, take the veloci-

s 5 . au , ov , 0w
ties u,v,w and the pressurp as solutions of the =+ =

(6)

incompressible, unsteady Navier-Stokes equations. ox dy 0z

The instantaneous velocities and the pressure may be . . N .

decomposed into base and disturbance components as ou +0 ou + ou , ~0u
ot ox 0 0z

{4,v,W} (x,y,z,t) = {0,V,W}(X,y,2) E
+{uvwl(xy,zt) O )
P(xy.zt) = P(XY.2) + p(xy.zt) [

ot dx 9y oz
where the base flow is given by the velocities,w - 2. 2.  2n
= : : ap. 1V oV oVl
and the pressurp, and the disturbance component is = _“bi = +2+2 0 (8)
given by the velocitiesl,v,w and the pressprdn y Reg,? ay2 92°0

the Cartesian coordinate syst€my,z), x is aligned
with the chordwise directiory, is normal to the wall, ~
andz corresponds to the spanwise direction. To illus- —+u

trate the stability tools, the Cartesian coordinate sys- 9y 0z
tem and incompressible equations are used herein. In P 1 B2 2~ 92~
w0 0w
general, curvilinear or generalized coordinates are = ——FZ) + R_GBLZ +— +—0 9)
used to solve the govern system of compressible equa- Lox™ ay” oz°U
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A Reynolds number can be defined Re = Ud/v, 042 2
whereU is the velocity § is the characteristic length, 59__ 0( - B OV —i Re{—a 9_.9 -B dw
andv is the kinematic viscosity. ij O dy2 dy2
T - . _ _ Ddz 2 ol
For hydrodynamic linear stability theory, which +(ab+pW-—w)F—~-a"-B D}V = 0 (15)
makes use of the quasi-parallel flow assumptidgty) ijz 0

andw(y) are functions of distance from the wall only
andv = 0. Substituting equations (5) into the Navier-

: S _ 24 -
Stokes equations, the following linear system results: d_§22 _ [0(2 + B2_ iRe(a(l + B — )] ((jj_Q
dy y
au ov 0w _ - _
+— =0 (10) _ du ,dw
ax oy " oz = IReEu ay " B dy%} (16)
ou _ -0u (LJ +V_V6u where Q is the wall normal vorticity and'/dy"  is
ot 0 dy 0z the nth derivative in the wall normal direction. The
5 2 2 standard wall boundary conditions are
_ _0op, 1% 0% o°ud
=~ 3 R_e > + — + ——ED (11)
Lox= ay” az°U ~ dv 2 _
—, Q=0 (y=0) (17)
Y dy
av -0V _ 0V "
at Ix Wa_z and the free-stream boundary conditions are
__0p, 1D v, a~vC - dv -
"oy Re% o a2n P UGy Q-0 (v-o) @8

Either spatial or temporal stability analysis may be
performed, whereby the temporal analysis is less

ot 0X 0z expensive and the spatial analysis is more physical. In

_op. 1% 2w a2wh addition to the Reynolds number, Mach number, and

= —-5-+ 5t — +—0 (13) other parameters that must be prescribed, a stability
z Repy? 5y2 920

analysis requires that the mean flow and its first and
second wall-normal derivatives be known very accu-
rately. A small deviation in the mean flow could cause
significant changes in the second derivative and con-
taminate the stability calculation. Once the mean flow
is obtained, a stability problem has to determine six
unknowns: {a,,q;,B,,B;,w,,0,}, which are the
{u,v,w,p} = {0,v,w,p}(y) expli(ax+ Bz—wt)] streamwise wave number, streamwise (spatial) growth
rate, spanwise wave number and growth rate, wave
(14) frequency, and temporal growth rate. For the temporal
formulation,a andf3 are real numbers andlis a com-
where i = J/=1,a andp are the nondimensional plex number that is determined through an eigenvalue
wave numbers (proportional to wavelengths) in the solver. For the spatial approachandp are complex,
streamwise and spanwise directions,is the fre-  andwis the wave frequency.
quency, and U,v,w,p} describe the velocity profile.
Substituting equation (14) into the linear equations Because the spatial formulation is more represen-
(egs. (10) to (13)), the following Orr-Sommerfeld and tative of the real boundary-layer instability physics
Squire equations may be obtained: and the temporal-to-spatial conversion is only valid on

According to the conventional normal mode
assumption used to derive the Orr-Sommerfeld and
Squire equation, the eigensolutions take the form
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the neutral curve, the remaining transition prediction likely or expected for similar flow situations can be
methodologies are described via the spatial approachinferred. The resultingN-factor is correlated with the
However, the temporal approach was introduced firstlocation of transition for a variety of experimental data
by Srokowski and Orszag (1977) in the SALLY code (sketched in fig. 24). This information is then used in
and later by Malik (1982) in the COSAL code. The determining the laminar flow extent (crucial to LFC
COSAL code included the effect of compressibility in design). Hence, this methodology is critically depen-
the equations. For the spatial approach in three-dent on the value of the experimental databases and

dimensional flows, the frequencyw, is fixed, the translation of thBl-factor value to a new design.
w =0, and {ar,ai,Br,Bi} are parameters to be
determined. Although an eigenvalue analysis will pro- The saddle point, fixed wave angle, and fixed

vide two of these values, the main issue with the app”-spanwise wavelength methods are three approaches
cation of theeN methodology to three-dimensional which have been devised to determine the two free
flows is the specification (or determination) of the parameters for three-dimensional flows.

remaining two parameters. Figure 23 illustrates the

bination of wave numbers and frequencies characteryith respect tof equals zero. As noted by Nayfeh
ize disturbances which decay at low Reynolds (1980) and Cebeci and Stewartson (1980), carrying

numbers, amplify over a rang'e.of Reynolds numbers,qt this derivative implies thal/dp must be real or
and then decay with the remaining Reynolds numbers.

The Reynolds numbers nondimensionally represent
the spatial chordwise location on a wing (for exam- =0 (20)
ple). The boundary between regions of amplification B,

(unstable) and decay (stable) is termed the neutral

curve (location where disturbances neither amplify nor the group velocity angle, s given g /3B,  or
decay).

: : . —1
If a method is assumed available to determine the ¢, = tan “(0a /oB,) (21)
two remaining free parameters, tNefactor correla-

tion with experiments could be carried out. By inté- tpe fing| condition to close the problem requires that
grating from the neutral point with arbitrary he growth rate be maximized along the group velocity

disturbance amplitude?,, the amplification of the yaiactory. Then theN-factor (or integrated growth)
disturbance is tracked until the maximum amplitude 514 pe

A, is reached at which a decay ensues. Being a linear
method, the amplitudes, and; are never really

used; rather, thi-factor relation of interest is defined N = ISl y ds (22)
as So
N = A Sy d (19) where
= In— = y ds
Ao Iso

0 oa, [

where's, is the point at which the disturbance first _E“i —Bi a_[_:,rg

begins to grows; is the point at which transition is y= —mM8M—

correlated, angt is the characteristic growth rate of the EﬁarD?

disturbance. Figure 24 illustrates the amplification and 1+ %EE

decay of four disturbances (wave-number—frequency

combinations) leading to folN-values. The envelope

of all individual N-values leads to thi-factor curve. Sy is the location where the growth ratés zero, and

By correlating thisN-factor with many transition s, isthe distance along the tangent of the group veloc-
cases, the amplification factor for which transition is ity direction.
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For the next method developed by Arnal, Casalis, In a discussion of the application of linear stability
and Juillen (1990), the fixed wave angle approach setgheory andeN method in LFC, Malik (1987) describes
B, = 0 and theN-factors are computed with a fixed the methodology for both incompressible and com-
wave orientation or pressible flows and presents a variety of test cases. In

situations where transition occurs near the leading
edge of wings, th&\-factors can be quite large com-
N = I —o ds (23) pareq with the rangi = 9to 11 a_lpplicabl_e for transi-

S tion in the latter portion of a wing. Malik makes an
important contribution to this understanding by noting
that the linear quasi-parallel stability theory normally

Many calculations have to be carried out over the does not account for surface curvature effects (terms).

range of wave angles to determine the highest valueHowever, for transition near the leading edge of a

of N. wing, the stabilizing effects of curvature are signifi-
cant and must be included to achid\«actors of 9

pio 11. The rest of this subsection documents samples

of the extended use of tiefactor method for predict-

ing laminar flow extent.

The last method, the fixed spanwise wavelengt
approach, proposed by Mack (1989) dgts= 0 and
Br is held fixed over thé\-factor calculation, com-
puted by equation (23). Many calculations have to be
carried out over the range Bf  to determine the high- ~ Schrauf, Bieler, and Thiede (1992) indicate that
est value oN. It is not clear what the significance of transition prediction is a key problem of laminar flow
holding B, to a constant has in three-dimensional technology. They present a description of Kafactor
flows. code developed and used at Deutsche Airbus, docu-

menting the influence of pressure gradient, compress-
ibility, sweep angle, and curvature during calibrations

A major obstacle in validating or calibrating cur- .+ flight tests and wind tunnel experiments.

rent and future transition prediction tools results from

insufficient information in wind tunnel and flight test .

databases. For example, Rozendaal (1986) correlated Among others, Vijgen et al. (1986) usikfactor
N-factor tools for TS and CF disturbances on a flight linear stability theory to look at the influence of com-

test database for the Cessna Citation Il business jetPressibility on disturbance amplification. They com-
The database consisted of transition locations meaPared TS-disturbance growth for incompressible flow

sured with hot-film devices for points that varied from OVer @ NLF fuselage with the compressible formula-
5 to 35 percent chord on both upper and lower wingt'on' They noted that compressibility is a stabilizing

surfaces for Mach numbers ranging from 0.3 to o.g influence on the disturbances (1st mode). For the NLF

and altitudes ranging from 10000 to 43000 ft. The @nd LFC, an increase in Mach number (enhanced
results showed that CF and TS disturbances may intergompre'ssmlllty) is stablllglng to all instabilities for
act and that CF disturbances probably dominated. CFSUbsonic to low supersonic flow.

N-factors were scattered around 5 and NF&actors

varied from 0 to 8. The stability analysis showed no Nayfeh (1987) used the method of multiple scales
relationship between Mach number and disturbanceto account for the growth of the boundary layer (non-
amplification at transition. Rozendaal (1986) noted parallel effects). The nonparallel results showed
that the quality of the results was suspect because nincreased growth rates compared with the parallel-
information on surface quality existed, an unresolved flow assumption. These results indicate that nonparal-
shift in the pressure data occurred, and an inadequatkl flow effects are destabilizing to the instabilities.
density of transition sensors on the upper wing surfaceSinger, Choudhari, and Li (1995) attempted to quan-
was used. Furthermore, the impact of the engine placetify the effect of nonparallelism on the growth of sta-
ment relative to the wing could be added as a potentiationary crossflow disturbances in three-dimensional
contributing factor. The Rozendaal analysis reinforcedboundary layers by using the multiple scales analysis.
that theN-factor method is reliant on good experimen- The results indicate that multiple scales can accurately
tal data. represent the nonparallel effects when nonparallelism
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is weak; however, as the nonparallel effects increasedescribing the shape function result. These equations
multiple scales results diminish in accuracy. take the matrix form

Finally, Hefner and Bushnell (1980) looked at the ~ & da
status of linear stability theory and tNefactor meth- [L1P +[M] 5(+ [N] ax - f (25)
odology for predicting transition location. They note
that the main features lacking in the methodology are
the inability to account for the ingestion and character-Because the fast variations of the streamwise wave
ization of the instabilities entering the boundary layer number, the second derivatives in the shape function
(the receptivity problem). In section 3.5.6, the issue of are negligible. By the proper choice®f .., this sys-
predicting boundary-layer receptivity is discussed, buttem can be solved by marching i For small-
first, advance transition prediction methodologies areamplitude disturbanced, = 0, whereas for finite-
presented in sections 3.5.4 and 3.5.5. amplitude disturbances,in physical space is simply
the nonlinear terms of the Navier-Stokes equations or
3.5.4. Parabolized Stability Equations Theory
F = (uu (26)
Because thé&l-factor methodology based on linear
stability theory has limitations, other methods must beAfter the initial values ofa, , are selected, a
considered that account for nonparallelism, curvaturesequence of iterations is required during the stream-
effects, and ultimately nonlinear interactions. The wise marching procedure to satisfy the shape-function
final method considered relative to the evolution of equations at each streamwise location.
disturbances in boundary-layer flow is the PSE theory

or method. Unlike the Orr-Sommerfeld equation  Joslin, Streett, and Chang (1992, 1993) and Pruett
N-factor method, which assumes a parallel mean flow,and Chang (1995) have shown that the PSE solutions
the PSE method enables disturbance-evolution comagree with direct numerical simulation results for the

putations in a growing boundary-layer mean flow. As case of incompressible flat-plate boundary-layer tran-

first suggested by Herbert (1991) and Bertolotti sition and for compressible transition on a cone,
(1991), PSE theory assumes that the dependence Gespectively.

the convective disturbances on downstream develop-
ment events is negligible and that no rapid streamwise Haynes and Reed (1996) present the nonlinear

variations occur in the wavelength, growth rate, and g, ,q|tion of stationary crossflow disturbances over a
mean velocity profile and disturbance profiles. At 45 swept wing computed with nonlinear PSE theory

present, the disturbanceé = (u,v,w,p)  in the PSE compared with the experiments of Reibert et al.
formulation assumes periodicity in the spanwise d|rec-(1996). The nonlinear computational results agree

tion (uniform spanwise mean flow) and time (tempo- yith the experiments in that the stationary distur-

rally uniform) and takes the form bances reach a saturation state (confirmed with DNS
by Joslin and Streett 1994 and Joslin 1995), whereas
N, N the linearN-factor type results suggest that the distur-
o = Z Z &Jm,n(X,Y) bances continue to grow. Hence, the linear predictions
m=—N, n=—N, inadequately predict the behavior of the disturbances.
X exp[i ax O dX+mBz— noot%} (24) Finally, theoretical and computational tools are
%o being developed to predict the rich variety of instabili-
ties which could be growing along the attachment line
whereN, and\N, are the total numbers of modes keptof a swept wing. Lin and Malik (1994, 1995, 1996)
in the truncated Fourier series. The convective direc-describe a two-dimensional eigenvalue method which
tion, or streamwise direction, has decomposition into apredicts symmetric and asymmetric disturbances
fast-oscillatory wave part and a slow-varying shape about incompressible and compressible attachment-
function part. Because the disturbance proflle  is aline flows which are growing along the attachment
function of x andy, partial differential equations line. Such methodologies could provide important
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parametric information for the design of NLF and LFC very much dependent upon the nature and spectrum of

swept wings. the disturbance environment, the signatures in the

boundary layer of these disturbances and their excita-

tion of the normal modes (“receptivity”), and finally

the linear and nonlinear amplification of the growing
odes.”

3.5.5. Transition Prediction Coupled to Turbulence
Modeling

In this subsection, a relatively new concept is out-
lined which involves coupling transition prediction ) o ) )
methodology with a two-equation turbulence model  1his description gives a view of what future LFC

approach. Warren and Hassan (1997a, 1997b) pose thdesign tools shquld involve to accuratel_y_capture the
transition prediction problem within a nonlinear sys- unsteady transition process. The receptivity tools will

tem of equations involving the kinetic energy and provide the disturbance spectrum and initial ampli-

enstrophy. The exact governing equations provide gludes to be used by the linear and/or nonlinear evolu-

link between the laminar boundary-layer flow instabil- tion module (e.g., linear stability theory, PSE theory)
ities, the nonlinear transitional flow state, and the fully {0 Predict the transition location or provide a means to

turbulent flow fluctuations. If the breakdown is initi- correlate the transition location. Such capability
ated by a disturbance with a frequency reminiscent ofalready exists for the _S|mplest of dlsturb_ance initiation
the dominate growing instability, the simulations are Processes as described by Bertolotti and Crouch
initiated. The influence of free-stream turbulence and (1992):
surface roughness on the transition location was
accounted for by a relationship between turbulence Leehey and Shapiro (1980), Kachanov and
level and roughness height with initial amplitude of Tararykin (1990), Saric, Hoos, and Radeztsky (1991),
the disturbance. The initial comparisons with flat- and Wiegel and Wilezien (1993) have conducted
plate, swept flat-plate, and infinite swept-wing wind receptivity experiments; Kerschen (1987), Tadjfar and
tunnel experiments suggest a good correlationBodonyi (1992), Fedorov and Khokhlov (1993),
between the computations and experiments for a vari-Choudhari and Streett (1994), Choudhari (1994), and
ety of free-stream turbulence levels and surfaceCrouch (1994) have conducted theoretical studies of
conditions. Approaches relating flow instability and receptivity to extend the knowledge base and capabil-
transition and turbulence modeling show promise fority for predicting the receptivity process. Acoustic
future computations of LFC-related aerodynamic noise, turbulence, and vorticity are free-stream influ-
configurations. ences and couple with single and distributed rough-
ness, steps and gaps, surface waviness, and other

3.5.6. Receptivity—The Ingestion of Disturbances ~ things to produce disturbances in the viscous
boundary-layer flow which are relevant to NLF and

Morkovin (1969) is usually given the credit for LFC applications. These in_ggstion mechanisms are
coining the process called receptivity. Receptivity is '€ferred to as “natural receptivity”; however, there are
the process by which free-stream turbulence perturbdorced and natural categories of receptivity. Because
the boundary layer by free-stream disturbances origi-the dominant instabilities in a boundary-layer flow are
nating at the edge of the boundary layer. Although of a shprt scale, the receptivity initiation must input
believed by many to be a significant piece of the tran-€Nergy into the short-scale spectrum for the most effi-
sition process, only brief mention is given to receptiv- CleNt excitation of disturbances. As Kerschen (1989)
ity in this review. The rationale for this brief mention Pointed out, forced receptivity usually involves the
lies with the fact that receptivity has not been an activelnténtional generation of instability waves by supply-

part in the history of LFC. However, receptivity will g energy to the flow at finite and selected wave-
inevitably play an important role in the future of NLF lengths and frequencies that match the boundary-layer
and LFC technologies. disturbance components. Examples of forced receptiv-

ity include unsteady wall suction and blowing or heat-
Let us quote Reshotko (1984) for a description of NG and cooling (used for active flow control).
transition and the role of receptivity. “In an environ-
ment where initial disturbance levels are small, the Forced theoretical and computational receptivity
transition Reynolds number of a boundary layer isis linked to the linear stability theory (section 3.5.3)
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through forcing a boundary condition. The following Finally, the second class of natural receptivity
equation is introduced as the boundary condition forinvolves the interaction of long-wavelength free-
the generation of a disturbance by suction and blowingstream disturbances with local mechanisms (i.e., wall

through a single orifice in the wall (or boundary): roughness, LFC suction, steps) to generate boundary-
layer disturbances. In this case, adjustments made to
v = f(x) exp(—iwt) 27) the mean flow cannot be obtained with standard

boundary-layer equations. In this situation, the triple-
deck asymptotic approximation to the Navier-Stokes
equations is used. The triple deck produces an interac-
tive relationship between the pressure and the dis-
placement thickness due to matching of the
Jequirements between the three decks. The middle
deck or main deck responds inviscidly to the short-
scale wall discontinuities. The viscous layer (lower
deck) between the main deck and the surface is
required to ensure that a no-slip boundary condition is
enforced at the wall. Finally, the rapid change in dis-
placement thickness at the surface discontinuity

wherew is the frequency of the disturbance which one
desires to initiatef(x) is the shape of the suction and
blowing distribution (generally a sine or cosine bubble
shape), ands is the resulting wall-normal velocity
component at the wall. Similar techniques can be use
for unsteady thermal forcing and to excite distur-
bances in a wind tunnel experiment.

Natural receptivity is more complicated in that
free-stream acoustic, turbulence, and vorticity are of

much longer wavelengths than the boundary-layerinq,ces a correction to the outer potential flow. This

disturbance. Complicating the matter, the free-stream. o ction takes place in the upper deck. The mean
disturbance in nature has a well-defined propagationy,,; gradients due to the discontinuity serve as forcing

speed and energy concentrated at Specific Wavetermg for the disturbance equations. Therefore,
lengths. _Hence, the free-stream disturbance has NAithough much understanding about receptivity has
energy in wavelengths that correspond 10 thepeen gained over the past few years, significant
boundary-layer disturbance. So a mechanism muStesearch must be conducted, especially in the three-
effectively (and efficiently) be able to transfer energy gimensional effects and in supersonic flows, before
from the long-wavelength range to the short wave-y,q 140|5 hecome widely used as design tools. Again,
lengths. Mechanisms to accomplish this transfer .o canvivity is included in this LFC review because it

include the leading edge (of a plate and wing) and suri inherently play a role in future transition predic-
face discontinuities (e.g., bugs, surface roughness;q . tor NLE and LEC design tools

rivets). '

To determine (or describe) this process of length 3-5-7- Optimize Linear Design for LFC
scale conversion, Goldstein (1983, 1985) and
Goldstein, Leib, and Cowley (1987) showed that the Pertaining to the determination of what “optimal”
primary means of conversion was through nonparallelsuction distributions should be used on LFC systems,
mean flow effects. Hence the two cases where nonparNelson and Rioual (1994) posed a determination by
allel effects are strongest are (1) regions of rapidmeans of minimizing the power requirements to
boundary-layer growth as at the leading edge whereachieve transition at a specified location, by applying
the boundary layer is thin and rapidly growing and suction through a sequence of controllable panels.
(2) downstream at a surface discontinuity such as alheir paper had the problem formulated as a nonlinear
bump on the wall. constrained optimization problem and focused more

on the stability of the algorithm than on the fluids

To determine the receptivity of the boundary layer mechanics of the LFC system. In a comparable study,
in the leading-edge region of a particular geometry toHackenberg, Tutty, and Nelson (1994) showed con-
free-stream disturbances, solutions of the linearizedvergence optimization of 2 or 4 panels is less than 10
unsteady boundary-layer equations are required. Thes#erations for the problem of transition on a flat plate.
solutions match downstream with the Orr-Sommerfeld
equation, which governs the linear instability and More recently, Balakumar and Hall (1996)
serves to provide a means for determining the ampli-employed optimal control theory and incompressible
tude of the viscous boundary-layer disturbance. linear boundary-layer stability theoryN-factor of
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9 assumed) to predict the suction distribution under  The application of thermal control for LFC air-
the constraint of fixed mass flow (fixed energy craft is in an infancy stage compared with suction
requirement). The beginning of the suction region wasLFC. Issues relating to the thermal surface are unre-
imposed upstream of the neutral point and the end ofsolved as of this publication. One of these potential
the suction was prescribed downstream of the transiissues involves the possibility of surface waves being
tion point. For simplicity, the mean flow was generated through the use of strips of thermal control.
determined by solving incompressible boundary-layer Whether such an application would generate waves
equations. Although optimal suction is demonstratedintolerable to laminar flow has not been studied yet.
for TS wave control in a flat-plate boundary-layer

flow (Blasius), the resulting suction distributions for 3 59 Advanced Prediction of Manufacturing

traveling and stationary crossflow disturbances in Tglerances

swept Hiemenz flow are quite relevant to HLFC

implemented on a swept wing at low speed. Interest-  |npovative tools have been developed to predict
ingly, the region of maximum suction occurred Very the impact of manufacturing tolerances on the extent
near the location of the onset of disturbance amplifica-of |aminar flow; however, very little validation of
tion and progressively decreased through the region ofhese tools has been documented. As Masad (1996a,
disturbance growth. In addition, Balakumar and Hall 1996p) shows, interacting boundary-layer (IBL) the-
concluded that over an order of magnitude more suc-ory, which accounts for the viscous-inviscid interac-
tion is required to control crossflow disturbances com-tjon can be coupled with either linear stability theory
pared with that required to control TS disturbances. oy PSE theory to parameterize the allowable dimen-
sions of steps, gaps, rivets, and other things, which can

Stock (1990) posed an interesting way of viewing be used and not impact the laminar flow.

boundary-layer instability with suction. The problem

was transformed from the problem of a boundary-  Nayfeh, Ragab, and Al-Maaitah (1987, 1988)
layer flow with a pressure gradient and suction to thelooked at the issue of manufacturing tolerances by per-
problem of an equivalent pressure gradient withoutforming a study of boundary-layer instability around
suction. The equivalence is imposed based on an idenbumps and dips. Interacting boundary-layer theory
tical form parameter, or shape fackbrUsing integral ~ Was used to account for the viscous-inviscid interac-
and finite-difference methods, the stability results for tion associated with potential separation bubbles, and

the case with and without suction were shown to be inthe amplification of disturbances in the presence of
agreement. humps with various height-to-width ratios and at vari-

ous locations was studied. The results suggest that
N =9 correlates well with the transition location. In
3.5.8. Thermal LFC addition, the size of the separation bubble is influ-
enced by the height-to-width ratio and Reynolds num-
As early as the 1950s, the thermal concept wasPer. and the disturbance instability is affected by the
recognized as a potential means for boundary-laye€ight-to-width ratio and the location of the imperfec-
stabilization. Dunn and Lin (1953) realized and dem- tion from the leading edge of the plate and branch | of
onstrated that mild surface cooling was able to stabi-the neutral curve.
lize viscous boundary-layer instabilities which would
otherwise amplify and lead to transition. In fact, the 4. Laminar Flow Control Aircraft
calculations shqued that 2D disturbances could beOperations
completely stabilized at Mach number of 1.6 for the
ratio of wall to free-stream temperature of 1.073,

o . The operational maintenance of laminar flow,
which implies a small amount of cooling.

including controlling the accumulation of ice and
insects, is paramount to the incorporation of LFC on
A more recent study by Boeing (Parihk and Nagel aircraft. Both ice and insects generate roughness-
1990), showed that with stability theory cooling can induced premature loss of laminar flow. Although
be stabilizing to both TS and CF disturbances with anti-icing systems have been operational for many
application to supersonic LFC transports. years on the leading edge of wings and on nacelles,
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only limited research results for realistic insect- nighttime collections, the greatest numbers were taken
prevention systems are available. This section focusesn October followed by May. Results over the 5-yr
primarily on the issue of insect accumulation and pre-period indicated that the largest density of insects was
vention; brief discussions on aircraft icing research, measured at low altitudes, with the number of insects
the impact of atmospheric particulates on laminar decreasing rapidly with increased altitude. Glick
flow, and boundary-layer control for high lift will (1939) also noted that temperature was one of the most
follow. Finally, a discussion of operational mainte- important meteorological factors in the control and
nance of laminar flow closes this section. distribution of insects. He showed that the maximum
densities were measured at temperatures 6ft@5
80°F. Finally, Glick (1939) noted that the insects and
mites captured at high altitude (and one spider at
15000 ft) were very small and completely at the
mercy of the air currents. The size, weight, and buoy-
ancy of the insects contributed directly to the height to

4.1. Insect Contamination

The population density of insects (or insects per
volume) depends on temperature, moisture, humidity,
local terrain, vegetation, climate, wind speed, altitude, \,nicn the air currents carried it and hence to the pres-
and vehicle ;urface deflnltl_on_(e.g., wing shape). ence of insects at high altitudes.

Insect contamination along with ice adherence are two

of the most crucial operational issues which affect
NLF and LFC systems. A summary of the studies
addressing this issue follows.

Hardy and Milne (1938) reported on the distribu-
tion of insects with altitudes from 150 to 2000 ft. The
measurements were made with traps and nets carried
into the sky by kites in England. Their study con-
?ucted from 1932 to 1935 resulted in 839 insects cap-
ured in 124.5 hr of flight. Of interest here is that the
population density qualitatively agreed with Glick
(1939) in that the largest density was at low altitude.

On August 10, 1926, the first known attempt to
use an airplane in collecting insects was made unde
the direction of E. P. Felt at Tallulah, Louisiana, in the
United States (lower Mississippi valley) and at

Tlahualilo, Durango, Mexico. Much of the test area is . .
swamp country, encompassing hundreds of SmallAlthough all insects were affected somewhat differ-

ke, bayous, hers, and rea forests. The proectof Y 18 Weatter Sondiions,gh (mperatre o
collecting insect data was conducted from August y

1926 to October 1931 and the results are reported b g'ﬁ__l) d”ﬂd thf;]n éhe tr_ever??_' cgndltlons. dF(;eemtarl\n
Glick (1939) in a Department of Agriculture Technical ( | )l,(tmﬂer etlzjec |ondof ardyt,heﬁpflhn € ont te
Bulletin. The investigation is of importance to LFCc S&My Kite-Town study and found that he greates

(and aircraft in general) and documented the number%ﬂrr:]ebegsn danSde Vtaerrﬁggrs (;Tltgzasuecrfs tr?gcil#]rfr:r?ng:iol\:a%’
and kinds of insects, spiders, and mites with atmo- ’ P ) 9

spheric conditions and altitude. DeHaviland H1 army these studies were significant for the NLF technology,

biplanes were used for the study and covered soméh.e primary goals o_f_the studies fOCl.JSEd on c_haracter-
zing the insect families and the motion of agricultural

150000 miles. For the measure of insect density, trapé ; .

of 1 ft2 embedded with fine-mesh copper screens were pests” from one location to another.

placed between the biplane wings. A protective cover

was used to control the duration and altitude of expo-  Incidentally, in the flight testing of the

sure to the screens. All measurements were made witfurricane Il reported by Plascott et al. (1946), no flies
10-min exposures at known speeds. or insect debris was observed in this NLF flight test.

However, the drag measurements from previous flight

Although the altitudes ranged from 20 to 16 000 ft, {€Sts where flies and insects were picked up indicated
the systematic studies were conducted at 200, 10002 increase in the drag due to insect debris. Hence, the
2000, 3000, and 5000 ft for daytime collections and full advantages of laminar flow and the subsequent
1000, 2000, 3000, and 5000 ft for nighttime collec- |0W drag would require some method to prevent the
tions. Over all altitudes, Glick (1939) reported that the INS€cts from adhering to the surface.
greatest number of insects was taken in May, with
November and September following. The fewest Atkins (1951) formally looked at the insect-
insects were taken in January and December. Forcontamination problem by generating correlations
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using the Dakota, Wirraway, Mustang, and Vampire sity (insect/1x 1(P ft%) accumulation. Flight durations
aircraft. The results gathered from 24 flights showed lasted from 10 to 50 min and the airspeed ranged from
that contamination extended to about 14 percent chord0 to 130 mph. The present flight test results shown in
on the upper surface and about 9 percent chord on thégure 25 were consistent with the earlier studies of
lower wing surface. A bug hit was only recorded if it Glick (1939), Hardy and Milne (1938), Freeman
had sufficient mass to trip the boundary layer. (1945), Coleman (1961) and Maresh and Bragg
Furthermore, it was reported that insect contamination(1984). (Note, the population densities were normal-
was evident in the winter, even though Melbourne, ized by the largest values.) Clearly, the largest number
Australia, had a cool climate. of strikes occurred near 7+ in 4 to 8 mph winds and
rapidly dropped off in cooler and hotter temperatures.

As numerous articles in the literature have previ- Furthermore, the insect density rapidly dropped off

ously stated, Coleman (1961) presented one of the first! ith increased alt'IUd? and th_e Insect protection was
comprehensive discussions (reviews) of the issue oinot necessary at the higher altitudes above 500 ft.
insect contamination. Coleman noted that correlating
the numerous environmental conditions to predict the ~ Estimating the insect impact on the resulting
insect density was hindered by the fact that a variation‘roughness size” was a difficult correlation to measure
in one parameter (e.g., humidity) was accompanied bybecause the impact was a function of both incidence
simultaneous changes in other parameters (e.g., temand speed of the insect-surface connection. Normally,
perature, pressure). No consistent correlations havdhe accumulation of insects was measured after the air-
been identified for barometric pressure, humidity, craft landed, without regard to the incidence and
light intensity, precipitation, or the electrical state of speed. However, some limited observations were
the atmosphere with insect population density. How- made in the wind tunnel. To model the insect in refer-
ever, air temperature of 220 26°C and wind veloci- ~ ence to the wing (or most other parts) of the aircraft,
ties of between 5 to 12 mph have been shownthe insect was assumed to be an inanimate object for
individually to be areas of maximum population densi- the purpose of dynamic analysis. This assumption is
ties. Also, the insect populations were maximized nearmade because the drag which an insect experiences
ground level and rapidly decreased up to an altitude ofdue to the induced velocity in the vicinity of the wing
500 ft. The temperature and altitude correlations weresignificantly exceeds the propulsive force that the
consistent with the study by Glick (1939). Also, the insect exerts. Based on the inanimate model of the
region of influence for the aircraft was during takeoff insect, the theoretical streamwise extent of the rough-
and initial climb. Coleman proceeded to discuss theness has shown some agreement with available data
entomological impact of the insect on influencing lam- for 2D incompressible flow. The theoretical and
inar flow. The insect either remains intact or disinte- €xperimental results agreed quite well for 2D airfoils
grates when it impacts the surface. This account wagnd mildly swept wings. The conclusion of this com-
determined by the critical impact velocity (or rupture parison was that if the chordwise velocity component
velocity) of the insect; the rupture velocity was clearly was much larger than the spanwise velocity compo-
dependent on the anatomical structure of the insectnent, the insect accumulation (and resulting rough-
Field and wind tunnel experiments revealed that rup-ness) was essentially a 2D process.
ture velocities between 22.5 and 44.9 mph were found
for the variety of insects tested. Coleman also noted | ow-speed wind tunnel results indicated that the
that smaller (1 to 3 mm) insects were more numerousresulting excrescence height for various geometry air-
than larger (>3 mm) insects. foils at small angle of attack was maximized near the
leading edge of the wings and decreased in size to
Croom and Holmes (1985) reported on a flight about ?_:0 percent chord_ (upper and lower surfac_e),
experiment using a Cessna 206 to study the insect con/here insect accumulation ceased except for high
tamination problem. The airspeed, altitude, and anglendle of attack.
of attack were recorded on magnetic tape. The surface
winds, temperatures, and insect counts were manually Maresh and Bragg (1984) developed a method to
recorded. The tests were conducted in a high insecpredict the contamination of an airfoil by insects and
population area to provide the potential for large den-the resultant performance penalty. The model

28



neglected any lift that may be produced by the body offlight tests were conducted early in the morning). This
the insect and assumed that three planes of symmetrgbservation is consistent with the insect density
existed about the insect and that the forces acting onncrease with temperature discussed earlier. To avoid
the insect were known. The velocity flow field about the insect problem, a sheet of paper covered 0 to
the airfoil was required (neglecting the viscous effects 30 percent chord on the upper and lower surface of the
in the boundary layer) and the insect drag and lift test section. After the aircraft takeoff and climb to suf-
coefficients were required to compute insect trajecto-ficient altitude, the pilot could jettison the paper by
ries. Additionally, the rupture velocity of an insect was pulling a string attached to the paper and retrieving the
a function of the shell hardness and amount of bodypaper inside the cockpit through a piece of pitot
fluid contained within it. The results showed that tubing.

(1) angle of attack, Reynolds number, and accretion
conditions influenced the insect contamination extent;
(2) the effect of contamination for a given airfoil var-
ied for different insect sizes and types; and (3) the air-
foil geometry played a significant role in determining
the insect accretion pattern.

To avoid insect contamination for the Vampire
porous-suction flight tests reported by Head, Johnson,
and Coxon (1955), the test-section sleeve was pro-
tected during takeoff and climb by a strip of tracing
paper that covered from the leading edge to about
10 percent chord and was fixed to the surface with
contamination by discussing techniques to either e”m_adhesive tape. Takeoff was delayed until 100 knots
. . had been reached. This speed was maintained during
inate or prevent the roughness-induced effects of thetakeoff and climb, and at “sufficient altitude,” the

insect to laminar flow. Preventive _technlques dis- tracing paper was jettisoned by reducing the speed to
cussed include (1) paper covers which cover the sur-

face until sufficient altitude is reached and the cover90 knots.

is either released or extracted into the aircraft,

(2) mechanical scrapers which scrape the surface, To avoid insect contamination for the F-94A flight
(3) deflectors which either catch the insects or causetests of a slot-suction LFC experiment reported by
their paths to be deflected away from the surface, (4) aGroth et al. (1957), the first 30 percent of the upper
highly viscous fluid layer in which the insects were and lower surface of the test section on the wing was
trapped and carried away in flight by the high shear, protected with a cover of blotting paper taped to the
(5) a cover which is dissolvable by fluid discharge, wing. This paper remained attached through takeoff
(6) a cover which is removed by a thermal process,and climb, then the plane was decelerated to remove
(7) relaminarization downstream of the critical insect the covering. Without this covering, turbulent wedges
strike area, and (8) continuous liquid discharge. were generated from the insect remains. However, full
laminar flow could be regained by climbing to higher
altitudes (25000 ft). This regaining of laminar flow is
understood to be a unit Reynolds number effect. For
constant Mach number, a climb in altitude decreases
the unit Reynolds number and, as discussed in
section 2, a lower unit Reynolds number flow is more
tolerant to a roughness (insect impact) of given size.

Coleman (1961) closed the discussion of insect

4.1.1. Paper Cover

Covering the test section with paper was the sim-
plest (or least mechanical) anti-insect device. This
device was successfully used in the major laminar
flight tests, including Gray and Davies (1952) with the
King Cobra flight test; Head, Johnson, and Coxon
(1955) with the Vampire porous-suction flight test; For the Boeing 757 NLF flight tests (Runyan et al.
Groth et al. (1957) with the F-94 slot-suction flight 1987), the glove was protected from insect strikes dur-
test; and Runyan et al. (1987) with the Boeing 757 ing takeoff and climb by using a paper covering until
NLF flight test. the airplane reached 5000 ft at which time the paper

was pulled into the cabin via a nylon cord. On flights

Gray and Davies (1952) reported on King Cobra not using the protective covering, loss of laminar flow
flight tests at the Royal Aircraft Establishment in was observed during the flight and evidence of insect
England. As the Spring days became warmer, theaccumulation near the attachment line was measured
insect contamination problem increased (even if theafter landing.
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4.1.2. Scrapers described in section 6.6. The results indicated that it

was possible to protect the upper surface but it was not
Wires and felt pads have each been tested withPossible to protect the lower surface. However, the

some success in wind tunnel experiments, the latteflate device caused considerable drag and a pitching

working for painted surfaces. The problem of drag moment. The retracted reflector could introduce sig-

penalty due to the device was not evaluated; howeverhificant ridges. The Krueger flap serves to both protect

the device must either be contained in the skin of thethe surface from insect strikes and improve lift.

aircraft during cruise flight or be jettisoned to avoid an

unreasonable drag penalty (Coleman 1961). 4.1.4. Fluidic Cover

4.1.3. Deflectors Coleman (1952) discussed wind tunnel tests that
employed the application of glycerine, glycerine and
Deflectors consist of a surface (or plate) that gelatine, an_d soap and mgthanol to wing sec_tions.
forms a nose flap which protects the leading edge OfThese SOIU“QUS would be wiped away as the aircraft
the wing from insects and absorbs the insect impactsreaCheS sufficient speed to cause the shear to remove
the fluid (and insects). Although these solutions were

Tamigniaux, Stark, and Brune (1987) discussed a h o d h lati £ ¢ h
wind tunnel experiment to test the effectiveness of the>"OWN 10 decrease the accumuiation of Insects on the
test article, complete elimination of the insects was not

Krueger high-lift device used as a shield against : . X .
insects (although the insects used were larger relativé)oss'ble' Contlnuqus spraying of the solution was
to the model size than would be encountered in flight).ShOWn o be effective anq required a penalty of 0.2 to
Note, figure 2 shows a leading-edge Krueger device,o'5 of the TOGW of the aircraft.
which would be retracted after takeoff and climb,
leaving a clean leading edge for cruise. The 2-ft model4.1.5. Thermal Cover
consisted of a slotted-leading-edge Krueger flap on a
wing section. The insects were injected into the wind ~ Under the concept of thermal covers, flammable
tunnel at a free-stream velocity of 4 ft/sec upstream ofcovers which could be electrically ignited can be ren-
the wing leading edge. Without insects, the Kruegerdered out of possible solutions because of safety (and
flap was varied for 37 different positions, optimizing pollution) concerns. Heating (rather cooking) the
for maximum high-lift characteristics. The optimal insects until they are consumed has been suggested,
position was a 45deflection and the optimal gap and but the high temperatures required would be undesir-
trailing-edge gap were both 2 percent of the airfoil ref- able to the wing structure. Imposing a layer of ice on
erence chord. The results showed that lighter insectghe structure has been suggested and such a concept
impacted farther aft of the stagnation line than heavierwould be ideal in terms of preventing insect accumula-
insects; this indicates that heavier insects havetion. This layer of ice would then be removed after
straighter trajectories than lighter insects. A particle takeoff and climb by the conventional de-icing sys-
trajectory code was developed for two-dimensional tems. The application of the ice layer to the aircratft,
multielement airfoils; the calculated results were in potentially damaging effects of large ice pieces break-
good agreement with the experiment. Insects impact-ng away from the wing, the required thickness of ice
ing at an angle less thaf &ft negligible body rem-  required to prevent insect contamination, the mini-
nants on the wing upper surface to trip the laminarmum time to remove the ice layer, and the associated
boundary layer. The Krueger concept has been demonperformance penalty during takeoff are issues that
strated to be effective in flight on Jetstar LEFT aircraft must be addressed. Coleman (1952) discussed some
(Powell 1987); however, incorporating an anti-icing wind tunnel tests addressing some of these issues.
system into the Krueger device remains an issue.
4.1.6. Relaminarization

This concept has been developed into the modern
day Krueger flap and demonstrated on the Jetstar Coleman (1961) noted that relaminarization
flight test (Maddalon and Braslow 1990) described in through the use of suction slots was investigated by
section 6.3. Also, this concept was successful for theCumming, Gregory, and Walker (1953). The results of
Boeing 757 HLFC flight experiment (Collier 1993) as their wind tunnel experiment indicated that the pump
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drag increased because of the suction approximatelof Coleman, 1952). Once insects have accumulated on
balancing the profile drag due to the insect-rougheneddry surfaces, they could not be removed in flight with
surface; hence, no apparent performance gain wasvater and detergent spray.

realized with the suction slot. _ .
In the Croom and Holmes (1985) flight experi-

o ment, three different fluids were considered for the
4.1.7. Liquid Discharge purpose of both insect prevention and ice protection.
The solutions were (1) monoethylene glycol

Peterson and Fisher (1978) reported on insect con{Aeroshell 07) and water solution, (2) propylene
tamination by using a Jetstar aircraft. The goals of thedlycolmethyl ether, and (3) monoethylene glycol
experiment were investigating the extent of the insect(MEG) and water. The fluid was discharged through
problem at large airports, determine whether insecteither slots or perforated holes, where the holes had
accumulation would erode in cruise flight, test the & diameter of 0.0025 in. and were spaced about
ability of the then new surface coatings to alleviate the0-0205 in. apart. The TKS anti-icing system served as
insect accumulation problem, and test leading-edgethe method for the current test, partially because the
sprays for anti-insect protection. In November 1977, System has already been certified for several aircratft.
the Jetstar was flown on 15 takeoff and climb missions The left wing which had no insect protection was used
to estimate the insect accumulation problem at Losa@S the baseline. The tests showed that the insect-
Angeles, Sacramento, and San Francisco airportdrotection system should be activated before insect
under normal airline-type operations. Insects wereimpact. The ratio of water to MEG in the fluid system
accumulated on 13 of the 15 flights and caused prema@nd the flow rate played significant roles in the effec-
ture transition. The initial flights confirmed that insect tiveness of the insect protection system. The MEG/
accumulation and resulting premature transition Water solution of 20/80 percent was very ineffective in
required an anti-insect accumulation system. At thereducing the number of insect strikes. Approximately
trailing edge of the flaps, boundary-layer probes 10-percent fewer strikes were realized by using this
recorded the state of the boundary layer. Next, fivesolution. However, with 80/20 percent solution, a
spanwise segments of the leading-edge flap were/5-percent (or greater) reduction in the number of
treated with (a) an aluminum alloy untreated surface,recorded insect strikes was realized. As the flow rate
(b) a spray-on DuPont Teflon coating, (c) DuPont Was increased, the total insect accumulation
Teflon pressure-sensitive tape, (d) organosiliconedecreased. Croom and Holmes (1985) noted that only
hydrophobic coating, and (e) random rain repellent@ 3-in. perforated region on the panel and a flow rate
coating. Flights were then conducted from many air- f 0.16 to 0.33 gal/min were required to achieve a 68-
ports in the United States ranging from California to t©© 82-percent reduction in the insect accumulation.
Texas to Florida. Insects were encountered on all
flights and the coatings were insufficient to remove  Bulgubure and Arnal (1992) and Courty,
the insect contamination interrupting laminar flow. Bulgubure, and Arnal (1993) reported the use of a
The insect accumulation on super-slick Teflon sur- TKS insect avoidance system for the HLFC flight tests
faces and hydrophobic coatings was compared withusing a Falcon 50 test aircraft. Monopropylene glycol
standard reference aluminum. The flight test results(MPG) was the fluid chosen for use in this system.
showed that none of the surfaces tested showed an{uring low-altitude flight tests over insect-infested
significant advantages in alleviating the insect con-areas, the port (untreated) side of the aircraft had
tamination. Five types of flight tests were conducted 600 insects/hiimpact the leading edge in the region
with the spray insect-avoidance system: (1) no spray,Of interest, whereas on the starboard (treated) side
(2) water-detergent spray after all low passes,With the MPG fluid, no insect contamination was
(3) large-droplet water detergent spray after low _noted. Hence, the TKS system was very effective for
passes, (4) continuous water spray during low passednsect avoidance.
and (5) intermittent water-detergent spray during two
passes. The first test was used as the calibration or ref4.1.8. Flexible Surface or Cover
erence flight. The flight test with continuous spray
was most effective and no insect remains were  Compared with protective coverings or continuous
observed in the spray area (consistent with the resultspray techniques, Wortmann (1963) proposed using a
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flexible surface to prevent insect contamination. The Of the anti-insect devices tested, paper coverings,
transfer of kinetic energy from the incoming insect to continuous liquid discharge, and deflectors have been
the surface would be absorbed by the surface and usedemonstrated in flight to prevent insect accumulation.
to repel the insect. Experiments carried out by drop-Anti-icing systems such as TKS can be used to reduce
ping a fluid drop onto a silicone rubber surface at the impact of insect accumulation. Solutions of MEG
150 m/sec showed that most of the fluid was repelledand water prevents insect accumulation (up to 82 per-
due to the energy transfer relationship. Further experi-cent) but is rather ineffective in removing insects from
ments in wind tunnels and with automobiles and air- the surface after adhesion. Reduced insect accumula-
craft indicated that only small amounts of residue tion occurs with increased solution fluid flow rates.
remain after impingement by using the silicone foam The modern-day Krueger flap can be used for insect
rubber (Silikonschaumgummi) consisting of a pow- prevention and for increased lift during takeoff and
dered foam layer and large air content. However, perHanding.

manent surface damages caused by rain and hail were

issues of concern for these coatings. 4.2. Ice Accumulation and Atmospheric
Particulates
Finally, General Electric Aircraft Engines per-

formed wind tunnel experiments (Fernandez et al.  The accumulation of ice on the leading edge of
1996) to determine if a test article covered with a coat-wings can significantly alter the geometry of the wing
ing designed to repel insects (similar to the concept byand cause drag penalty and performance degradation
Wortmann 1963) would solve the insect-adhesion (and in the worst case, safety can be affected). In addi-
problem for NLF and LFC applications. Subsequent tjon, degradation of laminar flow can occur due to par-

flight tests with a NASA Learjet were carried out ticylates in the atmosphere, most evident during cloud
under a cooperative agreement between NASA LewiSencounters.

and Langley Research Centers and the General Elec-
tric Company. The results are not available for this

publication 4.2.1. Ilce Accumulation

) ] o The National Advisory Committee for Aeronau-
From these studies, we find that predicting and {ic5 (now the National Aeronautics and Space Admin-
preventing insect contamination can require very COM-isiration) started studying the accumulation and

plicated (but necessary) systems to maintain laminar, evention of ice on aircraft in 1928. An icing research
flow. Some of the results suggest tunnel was built at the Lewis Research Center in 1944
to perform ground-based testing. Additional effort was

1. The rupture and attachment of insects on NLF/placed on accompanying simulation tools to predict
LFC surfaces can lead to premature transitionthe accumulation and prevention. Refer to Britton
(turbulent wedges) 1990, Perkins and Rieke 1993, and Bergrun 1995 for
discussion of the icing issues; to Reinmann 1981 for a

2. Insect contamination is usually limited to the Pibliography of ice-related research; and to Ranaudo,

review of the NASA Aircraft Icing Research Program.

Although much research has been performed for
standard configurations, little has been done for
LFC-related aircraft.

3. The greatest density of insects falls below
500 ft

4. Insect accumulation rates are a strong function  as described by Etchberger et al. (1983) and
of temperature, with maximum accumulation | g3nge (1984, 1987), the Jetstar slotted wing had six
near /7F slots in the leading-edge region to control the flow and

to provide fluid for ice-accumulation (and insect-

5. Insect accumulation rates are a function of contamination) protection. A 60/40 mixture of propy-
windspeed, with maximum accumulation near lene glycol methyl ether and water was expelled
4 to 8 mph through the slots. After climb out to 4000 ft, the fluid
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ejection system was purged from the slots, and suctiorobserved loss of laminar flow on the X-21. Namely,

was applied to obtain laminar flow. ice crystals were generally larger than the critical
diameters of 17 and 32m at respective altitudes of

Similar to the non-LFC aircraft, a LFC-type air- 25000 ft and 40000 ft. The duration of a particle pass-

craft must account for potential ice accumulation anding through the boundary layer on the X-21 was an
prevent such a detrimental and dangerous obstacl@rder of magnitude greater than the minimum time
with anti-icing techniques_either by app|y|ng heat or required to initiate turbulence, and the predicted flux
by dispelling anti-freeze agents. The icing issue for of ice particles in Cirrus clouds with visibility of
NLF and LFC is more a system design problem than a5000 ft to 10000 ft was high enough to cause the loss
technical obstacle to achieving laminar flow. of laminar flow on the X-21 aircraft.

Davis et al. (1986, 1987, 1989) discussed the
effect of the cloud encounters on the laminar flow
_ extent in the Jetstar flight test program. A cloud-
Fowell and Antonatos (1965) noted the impact of 5 icle spectrometer (Knollenberg probe) and a parti-

atmospheric particles on achieving laminar flow dur- oo getector (charging patch) were used to measure the
ing the flight test. Figure 26 shows a sketch estimatinggee_siream particle environment. A degradation of the

the LFC performance with ice particles in the air. The flow was observed during a cloud encounter coincid-
figure indicates that ice particles can influence Iaminaring with a charge-current increase on the instrumenta-
flow if the size and density of particles are sufficiently tion; however, full laminar flow was regained within a

large. The flight results indicated that laminar flow o\ seconds after the cloud encounter. Indicated by
was lost as the size and density of particles mcreased.,:isher and Fischer (1987) and shown in figure 27, the

_ Jetstar ice-encounter results agreed with the Hall
Hall (1964) set out to explain why the X-21 LFC criteria.
flight experiment lost laminar flow when the aircraft

flew through visible clouds. The explanation began by Finally, Anderson and Meyer (1990) showed
looking at the impact of the wake from a discrete parti- flight data for the F-14 NLF flight experiment that

cle on the otherwise laminar boundary layer; this sug-ingicated turbulent bursts were measured during cloud
gests that local turbulent spots could be initiated in thegncounters. The charge patch indicated the presence of

boundary layer, depending on the particle Reynoldsijce particles during the loss of laminar flow while in
number and geometry. Next, the impact of surfaceine clouds.

roughness was reviewed, concluding that the rough-

ness did not affect the boundary-layer stability below Meifarth and Heinrich (1992) discussed issues

some critical roughness height or roughness Reynolds, iing to maintaining NLE and LEC in flight. In
number of 600 for spheres (3D roughness) and 200 for, 'ng intaining n Tight.

lindrical h D h F h agreement with the insect-contamination issue at low
cylindrical roug ness (2D roughness). From the EXPEI 5 1titudes, figure 28 suggests that atmospheric pollution
iments, Hall concluded that the local boundary-layer

R Id b di qf may be an issue at high altitudes, even up to 10000 m.
e%/nlo S n# n; er, r;fressurehgra .'?”ti an hree—stéearq-he uncertainty of the reliability of LFC systems oper-
turbulence had no effect on the critical roughness ey'ating in a polluted environment could be an additional

nolds number; however, an increase in Mach numbetq 1, e implementation of the technology on a com-
led to an increased critical Reynolds number. From

hi : Hall luded that t tion induced b mercial transport; however, no degradation of the lam-
IS review, Hall concluded that transition INAUCET by ;4 fjo\y extent was observed for the Jetstar LEFT test
the wake of a particle was a local effect independent o

; _ (see section 6.3) even though the Jetstar encountered
the usual parameters (e.g., pressure gradient) influenc:

. o . pollution, dirt, and so forth at the various airports.

ing boundary-layer transition. To connect this impact

of particles and roughness to the loss of laminar flow

on the X-21 experiences, the particles in the clouds#-3. Boundary-Layer Control for Takeoff and

must be of sufficient size and density for sufficient Landing

duration to produce and sustain turbulence. Based on

sparse data, the ice crystal size, density, and length of Although boundary-layer control (BLC) is beyond
existence observed in the atmosphere correlated withthe scope of this review, a comment will be made here

4.2.2. Atmospheric Particulates
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because BLC is related to LFC in that the suction sys-order of magnitude more suction than LFC. The
tem used for LFC could potentially be used for BLC. resulting pressure drop was 10 psf for supersonic LFC
and 20 to 40 psf for BLC. The BLC led to a drag

An aircraft in high-lift mode droops the leading- improvement of about 10 percent over the optimized
edge flaps to enhandeD (increased camber). This flap configuration. Parikh et al. (1990) noted that a
can lead to a region of flow separation over the flap more definitive assessment of performance benefits
and reattachment near the h|nge ||ne One propose&iue to BLC Should be made through W|nd tunnel tests.
BLC concept involves drooping the leading-edge flap
more than conventional and use BLC suction to attach4.4. Operational Maintenance of Laminar
the otherwise separated flow. BLC would be applied Flow
just downstream of the hinge line.

The maintenance and manufacturing of smooth

Parikh et al. (1990) did a Euler computational surfaces is a significant issue in achieving laminar
analysis of the BLC suction concept with application flow, potentially creating an additional burden on the
to a supersonic transport. An assessment of the impaaday-to-day operations of NLF and LFC aircraft.
on aerodynamic performance with BLC was compared
with the simple flap device without BLC. Boeing’s 3D Gray and Davies (1952) reported on the experi-
inviscid flow code—PANAIR—was used for a por- ences gained at the RAE in England dealing with sur-
tion of the study. The Euler analysis was deemed sufface deterioration issues. In the King Cobra flight
ficient for the study since previous studies have showntests, the test section of the wing was coated with two
that the inviscid analysis was capable of capturing thecoats of primer and one coat of filler, followed by
vortex formation and nonlinear evolution on sharp additional smoothing when deemed necessary. Over a
leading-edge wings. The Euler analysis provided the6-month period, the surface deteriorated only in the
pressure distributions, which were then used in a 3Dskin joints regions. The aircraft was exposed to
boundary-layer analysis to determine the state of theweather for about 200 hr and 50 flights entailing about
viscous flow. The significance of Reynolds number 40 hr. The rest of the time it was housed in a hangar.
scaling was an important factor drawn out in the anal-For different King Cobra aircraft, which was in the
ysis. At flight Reynolds numbers, the inboard portion open for about 2 years, the skin surface was chalky
of the wing indicated attached flow. However, at (dirty) and rivet and joints areas were the only areas of
lower Reynolds numbers (but same unit Reynoldsthe wing that had any surface damage (cracking). The
number), the flow separated on models which weresurface degradation results at the rivet-gap-joint areas
less than 1/4-scale. The calculations were repeated twere consistent with those found by Plascott (1946)
include unit Reynolds number variations. The conclu- and Plascott et al. (1946) for the Hurricane Il flight
sion was that flow separation was only impacted by test program. Gray and Davies (1952) noted that once
chord Reynolds number effects. However, the unitthe ground crews became habitually aware of the sen-
Reynolds number calculations did not take into sitivity required for handling the wing surface for the
account the additional sensitivity of the flow to rough- Hurricane and King Cobra programs, protective cover-
ness (steps, gaps, joints). For the outboard portion ofngs for the surface became unnecessary.
the wing, separation was encountered (when transition
was assumed to occur at 5 percent chord). The effect In the description of a porous-suction flight exper-
of BLC and suction-region extent were then studied iment on a Vampire aircraft, Head, Johnson, and
for the separated flow problem. The “optimized” Coxon (1955) noted an operational issue that must be
results showed that for the four spanwise regions studaddressed when using powered suction systems. If the
ied, a chordwise extent beginning at the suction peaksuction pump were to fail, then outflow could cause
location and covering 1 percent chord was sufficient premature separation at high lift coefficients. This
for separation control. The results showed that potential problem could be alleviated with simple non-
Cy=0.003 inboard an@, = 0.004 outboard were suf-  return valves to prevent outflow conditions.
ficient to prevent flow separation. LoweZ, was
required inboard because of the smaller suction peak. Related to the issue of maintaining laminar flow in
These suction levels indicate that BLC required ana variety of flight environments and maneuvers, Groth
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et al. (1957) noted that 100 percent laminar flow wasand maintenance of these joint areas. Further laminar
maintained in horizontal flight, during climb, turns, flow tests must carefully address this issue.

and descent for a range of Mach numbers. Both

12-slot and 69-slot tests realized a loss of laminar flow  Meifarth and Heinrich (1992) had an in-depth dis-
flying through clouds (consistent with the X-21 flight cussion of issues relating to achieving and maintaining
test observations); laminar flow was regained within NLF and LFC from the operations perspective. A flow
30 sec after emerging from the cloud. Also, laminar chart of multidisciplinary issues which must be
flow was maintained in moderately gusty weather. addressed prior to the use and reliance of laminar flow
However, strong atmospheric turbulence levels canon aircraft performance was presented. Issues which
lead to a loss of laminar flow. This was demonstratedwould cause an increase in DOC for aircraft and those
in 2-sec 0.5 and 30-sec O@ accelerations for which would cause a decrease in DOC are connected.
chord Reynolds numbers of 21 and 27x 1P, Some issues include the need for additional spare parts
respectively. and maintenance due to the suction system, uncertain-
ties in the potential contamination due to pollution res-
idue on the structural surface, and operational plan for
suction-system failure. The latter concern affects a
decrease in range and increase in fuel burn as a result

Later, Carmichael, Whites, and Pfenninger (1957)
studied the impact of slot blockage on laminar flow
extent for the 69 slot-suction test on the F-94A air-
plane. The tests were confined to the second slot ofOf the unexpected turbulent drag.
chamber 5 (or the 22nd slot of 69 at 63.42 percent ] )
chord). Paint plugs of slot chord length and with spans®. Laminar Flow Control Prior to
of 0.007, 0.0115, 0.015, 0.030, 0.20, 0.50, and 1.0 in.OPEC Oil Embargo
were individually tested. All slots maintained the nor-
mal suction distribution, whereas the suction in the In this section, LFC projects are discussed for the
slots in chamber 5 was varied. The results are summatime frame prior to the OPEC oil embargo. Each sec-

rized as (1) for the 0.007-in. plug, no turbulence wastion has the configuration or model information,
observed for the range of normal to maximum SUCtion; project goa|si and summarized results.

(2) for the 0.0115-in. plug, turbulence was realized
only after the suction was increased beyond 2.4 time ) ) : :
the normal value; (3) for the 0.015- and 0.03-in. plugs,%'l' B-18 Slot-Suction Glove Flight Test (1941)
normal suction produced turbulence and reducing the . :

. : _ Following the NLF flight test of Wetmore,
level by 80 percent reestablished laminar flow; (4) for Zalovcik, and Platt (1941), results of a 1941 LFC

0.2-, 0.5-, and 1.0-in. plugs, greater than normal suc-_. . ,
tion values were limiting; and (5) the upper suction flight test experiment were reported in an NACA

limit increased with increasing Reynolds number. Y/\gﬂt&inhsfipigMbyA teZiIO\;Cr:Ei wi\t/xer;[i?(ejre’ n?vri]d
Essentially, the slot blockage can cause a pair of adja- ( ): StP spanwise

cent vortices to combine and form a horseshoe vorteleécggg s!ofts_lwafs mguiléed_orll the left V\gng E)NAt(;A
and lead to turbulence. ) airfoil) of a B-18 airplane (provided by the

Army Air Corps). The test panel shown in figure 29
had a chord of 204 in. and a spanwise extent of 120 in.
Because the X-21A wings were built from many at the leading edge and tapered to 60 in. at the trailing
panels spliced together on the wing, epoxy fills were edge. The nine original suction slots were spaced
required over the panel splices to meet the high unit5 percent chord apart and were located from 20 to
Reynolds number step and waviness tolerances60 percent chord. The eight additional slots were later
(Fowell and Antonatos, 1965). However, the epoxy added between each of the original slots. Suction was
encounteredcracking and chipping under the wing  supplied by an 85-hp Ford engine. Below each slot,
loading and temperature changes of flight. The bond-the external flow was drawn through 0.25-in-diameter
ing process proved to be the cause of the fill unreli- holes drilled in the wood panel spaced 0.75 in. apart.
ability and the process was successfully changed to
achieve reliable tolerances. However, most of the  The airflow was manually regulated by butterfly
ground maintenance time was charged to the repaivalves located in the cabin. Static-pressure orifices
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located in the ducts or tubes were used to measure theketch of the bronze porous sheet covering a core
airflow through the slots. Numerous coats of paint, NACA 64A010 airfoil model perforated with
filling, and sanding were employed to smooth the sur- 1-in-diameter holes over the center of the model and
face and to achieve an acceptable surface-wavines$-in. slits at the leading and trailing edges of the
limit. Five-tube rakes were used to measure boundary-model. Suction airflow measurements were made
layer profiles, and two-tube rakes were used to mea-through an orifice plate in the suction duct, and suc-
sure the transition location. tion was regulated by varying the blower speed and
plate orifice diameter. Boundary-layer measurements
The flight tests were conducted for chord Rey- were made on the upper surface to 83 percent chord.
nolds numbers between 2x2.0° and 30.8< 10° with Laminar flow was observed to 83 percent chord for
airspeeds from 147 to 216 mph. Uniformly increasing, suction up to a Reynolds number ofx81(P. An
level, and uniformly decreasing suction in the chord- accompanying theoretical study suggested that, in the
wise direction were applied. Laminar flow back to absence of roughness, full-chord laminar flow should
45 percent chord (pressure minimum point) was main-be expected to higher Reynolds numbers if the experi-
tained over the range of Reynolds number and lift mental suction distribution could be made uniform.
coefficient for suction mass flow, of 1.7 x 107 in
slot 1 and decreasing to almost zero suction in slot 5. |n a follow-on test, Braslow et al. (1951) reported
If suction was further decreased in slot 5, reverse flowthe wind tunnel results of an experiment using the
in that slot led to abrupt transition. Increasing the level same model but with less porosity. Full-chord laminar
of suction had no additional favorable or adverseflow was observed up to a Reynolds number of
effect on the transition point. However, for uniform 24 x 10°. The measured drag for the laminar flow con-
level or increasing suction distributions, a critical trol airfoil was roughly one third of the model without
maximum level of suctiond; > 3.5x 107 in slot 1)  suction; however, the results could not be repeated

led to turbulence regardless of the flight conditions. pecause the bronze skin buckled during testing.
Finally, the results with 17 slots (2.5-percent-chord

spacing of slots) were inconclusive because several

small chordwise cracks appeared near the leading edgg-2-2: University of Michigan Slot-Suction Wind
of the panel. Tunnel Tests

Pfenninger, Gross, and Bacon (1957) described
the results of the LFC slot-suction experiments in the
, _ _ , ., University of Michigan 5-Ft. by 7-Ft. Tunnel con-

This section describes the early subsonic wind 4, e in 1949 and 1950. Suction was applied through
tunnel experiments which focused on the LFC gg fina giots from 25 to 95 percent chord on & 30
technology. swept 12-percent-thick symmetric wing model. Total

pressure, static pressure, boundary-layer crossflow,
5.2.1. Wind Tunnel Test With Porous Bronze Airfoil  and the transition location were measured during the
experiment. Measurements were made at various

Because Braslow, Visconti, and Burrows (1948) Reynolds numbers for model angles of attack ©f 0
indicated that suction through a porous surface couldand+1°. The suction for each test case was selected
lead to performance gain, Braslow et al. (1951) con-based on theory. Full-chord laminar flow was
ducted a LFC experiment involving a porous-suction observed at an angle of attack of @t a chord
model in a low-turbulence wind tunnel. Using a model Reynolds nhumber of 11.8 10°. The measured mini-
with a 3-ft chord and 3-ft span, experiments were car-mum critical suction levels were slightly smaller than
ried out in the Langley Low-Turbulence Pressure Tun- theoretical predictions; however, the measured drag
nel (LTPT). The upper and lower surfaces of the closely matched the theoretical predictions. The suc-
model were constructed from a single sheet of contin-tion level on the 30wing was slightly larger than a
uous bronze giving a single joint at the trailing edge. 2D wing because crossflow disturbances had to be sta-
An estimate of the surface waviness indicated thatbilized. At an angle of attack efl°, turbulent bursts
+0.003-in. variation occurred between the bronze sur-occurred for lower Reynolds numbers; this was cor-
face and the inner aluminum shell. Figure 30 shows arectly attributed to stronger crossflow.

5.2. LFC Wind Tunnel Tests (1949-1963)
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5.2.3. Douglas Slot-Suction Wind Tunnel Test was easily obtained up to a chord Reynolds number of
6.5 x 1P in the TDPT. Laminar flow was progres-

Smith (1953) presented a review of LFC/BLC sively lost with an additional increase in wind tunnel
research at the Douglas Aircraft Company and notegspeed. Hot-wire surveys behind each slot revealed the
that the program began early in 1948. The studies sugPresence of wild disturbances behind slot 6 (55 per-
gested that as the Reynolds number increased the slogent chord), which were most likely attributable to a
must become thinner and thinner; this caused douprO3—|n Step. Great care was then taken to remove all
about the structural feas|b|||ty of the concept. Smith discontinuities in the model. Additional tests showed
conceived the idea of having several velocity disconti- that laminar flow was again lost, even though the flow
nuities and regions of favorable velocity gradients for was theoretically stable to TS disturbances. The
boundary-layer stabilization. However, such an airfoil results suggested that the flow was very sensitive to
must not separate if suction power was lost. Thesurface roughness. Because of the surface-roughness
nature of the concept may cause shock formation aprOblemS, the test data were insufficient to make any

each jump; however, the suction would be sufficient to conclusions —about the sawtooth pressure-jump
prevent separation. distribution concept combined with slot suction for

BLC/LFC.
To test the concept, a 2D airfoil (GOG)@nodel
nel could reach a maximum Reynolds number of (1948-1950)
4.25x 10° and had a maximum fluctuating velocity of
0.1 percent of the free-stream value. The model had a  g.<aq on porous-suction LFC wind tunnel experi-

42-in. chord and had the first pressure jump at 20 per s by Kay (1948), Head (1955) used an Anson
cent chord. The first suction slot was put at 5 percenty,y 1 aircraft to test the porous concept in flight tests.
chord to control possible disturbances caused by simu~r goals of the study were to study laminar

:CIated debnsoi Thﬁ Iasth19 pe;rcent of tbhe model V‘;]a? %oundary-layer flow with uniform suction distribu-
ap covere Wl't La S eet fcl) porous ro_rlwze mhgs grtions for zero and adverse pressure gradients, to deter-

suction control. Laminar flow was easlly ac 1€Ved mine the minimum suction required for laminar flow,
back to the flap (81 percent chord). When a flap align- 5,4 15 getermine the effectiveness of suction in con-

ment problem was corrected, laminar flow was ; PSR ;
' o trolling transition induced by roughness and waviness.
observed back to 98 percent chord. These initial low g yroug

Reynolds number wind tunnel results provided a proof

: . The test section was a 2D symmetric airfoil cov-
of concept for the slot-suction concept with a pressure

_ . _ . ered with a porous nylon material (120-mesh phosphor
jump and_ veriied the_ idea that at a pressure jump a”bronze gauze) covering the suction box. In testing the
flupl having a veIpcﬁy pressure less than the pre- concept, the results demonstrated that laminar flow
scribed pressure rise n.“.JSt be removed from the ﬂOWWas achieved at all rates of suction; turbulent flow was
for boundary-layer stability. found on the same test section with no suction (gener-
ated by covering the suction area with an impermeable
paper). For high rates of suction, loss of laminar flow
occurred (in some cases), probably because of surface
imperfections. Finally, Head showed that small
amounts of distributed suction were ineffective in pre-
venting transition induced by roughness; however,
larger critical roughness existed with suction.

The success of the wind tunnel experiment led to
the development of a high Reynolds number airfoil.
The new airfoil (DESA-2) had laminar flow designed
to a chord Reynolds number of 8P using what is
presently known as thB-factor correlation method
(normally attributed to Smith 1956; Smith and
Gamberoni 1956; and Van Ingen 1956). Note that the
earlier document (Smith 1953) was classified until
recently. By using th&-factor correlationN = 10 at ~ 5.4. Vampire Porous-Suction Flight Test
the trailing edge was selected as the design constrain(1953-1954)

For N = 6, the critical Reynolds number was reduced

to 35x 10°. Shown in figure 31, the DESA-2 model In England, LFC flight test experiments were car-
had a 6-ft chord, 9 slots on the upper surface, andied out with the Vampire Il single-seat fighter
7 slots on the lower surface. Full-chord laminar flow aircraft powered with a single Coblin Il jet engine.
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Head, Johnson, and Coxon (1955) reported details of  The initial flights with and without suction indi-
the experiment, including rational for the suction sys- cated that transition occurred very near the leading
tem design and drag reductions obtained with suctionedge of the sleeve and that this was likely roughness-
as part of the test section. The flight tests demon-induced transition due to the surface quality of the
strated that full-chord laminar flow could be obtained Monel Metal cloth. Instead of trying to improve the
in flight by using continuous distributed porous Monel Metal cloth surface quality, a nylon parachute
suction. fabric was added to cover the cloth. After carefully

applying this fabric, full-chord laminar flow could be

As sketched in figure 32, a suction sleeve (or achieved for chord Reynolds numbers of 16.40°.

glove) was mounted to the Vampire wing near the For higher Reynolds numbers, roughness-induced
midspan region after the taper of the wing. The transition occurred due to flaws in the nylon covering.
leading-edge sweep of the wing was 21The porous However, for the lower Reynolds numbers, the results
sleeve covered from 6 percent to 98 percent chord ofShowed that a 70- to 80-percent overall reduction in
the wing, with suction power drawn from a turbopump Profile drag (accounting for suction penalties) was
unit driven by air bled from the compressor of the air- re@lized with the porous-suction LFC system.
craft engine. The sleeve was constructed such that a
porous Monel Metal cloth surface was bonded to the  In the final series of flight tests, significant and
skin which had premilled recesses to extract the air.careful effort was concentrated on reducing the rough-
The sleeve was compartmented to form 19 ducts,ness in the leading-edge region up to about 15 percent
which led the air through two venturi tubes to the chord. By doing this, full-chord laminar flow was real-
pump (mounted at the wing root). ized for a Mach number of 0.70 and chord Reynolds
number of 26< 1. Laminar flow at higher Reynolds

No attempt was made to theoretically design an numbers was not achieved (likely) because of surface
waviness.

optimal glove geometry; instead the basic wing shape
was used to simplify the sleeve construction. Calcula-
tions for an optimum suction distribution were made at A comparison of the calculated and measured
a chord Reynolds number of 201(P. The resulting ~ Velocity profiles showed significant disagreement; this
suction distribution which led to a neutral laminar suggests that the suction flow through the surface was
boundary |ayer was used as a guide for designing théess than what the ventures recorded or that the theo-
suction system. Surface waviness was limited byTretical description of the problem was not adequate.
applying filling; the maximum waviness was Unlike many of the LFC flight test experiments, the

measured at:0.005 in., which was very good for reportby Head, Johnson, and Coxon (1955) pointed to
production-type standards of that time. deficiencies in the theoretical prediction capability of

that era. Namely, the inability to determine slot-
suction spacing and minimum suction requirements

Approximately 90 copper tubes were run in the laminar f ted al th the inability t
sleeve to measure the external surface pressures, pre r laminar flow were noted along with the inabiity to
etermine suitable hole sizes and spacings for porous

sures in the ducts, and pressures downstream of th : ) .
” suction. As seen in section 6.1.3, some 40 years have

orifice plates. From the difference between the pres- . e : )
sure in and out of the duct. a chordwise suction distri-passed since this flight experiment and these issues are
i only now being addressed by careful wind tunnel

bution could be obtained. The boundary-layer velocity .
profile at the trailing edge of the wing, the chordwise experiments.
pressure distribution around the sleeve and leading

edge, and the total suction flow from each collector 5.5. F-94A Slot-Suction Glove Flight Test
were recorded during the flight. The pilot could vary (1953-1956)

the suction flow and pump operating conditions while

in flight. Supported by the U.S. Air Force and conducted at
Northrop Aircraft, Inc., Pfenninger et al. (1955) and

See section 4.1 for a discussion of the methodCarmichael, Whites, and Pfenninger (1957) describe
used during the Vampire flight test to avoid insect the LFC slot-suction experiment using a glove on the
contamination. F-94A airplane. The flight test was conducted to
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extend the use of suction LFC in flight at high The design of the 69-slot glove was based on the
Reynolds numbers. Because turbulence levels andressure and suction distribution measured on the
roughness effects due to high unit Reynolds numbersl2-slot glove. However, a variation in the hole sizes
impact the laminar flow extent in the wind tunnels, it for each slot accounted for the different pressure
was determined that flight experiments were necessaryosses of the sucked air resulting from a variation in
for concept validation. To make a comparison with the the chord pressure along a chamber. The slot widths
wind tunnel results of Pfenninger (1951), the suction were selected to balance a local deceleration of the
wing for the flight test was designed with a similar flow due to wide slots (potentially causing premature
suction arrangement. As shown in the sketch oftransition) and high flow velocities in narrow slots
figure 33, the glove was mounted on the left wing of (causing unnecessary pressure losses). Furthermore,
the F-94A, where suction was implemented on thethe issue of surface waviness was controlled by polish-
upper surface only. Twelve suction slots were locateding the surface until the waviness was reduced to
between 41.5 and 95 percent chord. Remote controll/3000 in/in (height-to-length ratio) or less.

was used to adjust needle valves to change the chord-

wise suction distribution; the suction compressor was The flight measurements with the 69-slot experi-
externally mounted in a pod on the fuselage behind théy,ent were made in the same manner as the 12-slot

wing. study. Laminar flow was achieved and maintained in
flight for chord Reynolds numbers ranging from
Low surface waviness was achieved by sanding12.25x 10° to 36.34x 105, resulting in drag reduc-
and polishing the test article. No roughness-inducedtions for all cases. No attempt was made to minimize
transition was realized up to chord Reynolds numbersthe drag by varying the suction distribution. Unlike the
of 28 x 10° (unit Reynolds number per foot of drag rise with maximum chord Reynolds number for
3.73x% 106). Static pressure and temperature measurethe 12-slot configuration, no drag rise was realized in
ments of the suction chamber, static pressure on théhe 69-slot test. Groth et al. (1957) postulated that the
upper surface of the glove, and boundary-layer mea-increase in drag for the wider spaced slots could be
surements at the trailing edge of the upper surfacecaused by the amplification of three-dimensional
were made in the course of the flight test. disturbances (crossflow and/or Gortler) or two-
dimensional disturbances that may have locally been

Full-chord laminar flow was observed on 21 of amplified between the slots. If the drag increase was
23 consecutive flights. Two flights were not success- due to crossflow disturbances, then stronger suction
ful because of leading-edge contamination by bugsWould be required at higher Reynolds numbers; this
and sand particulate. For chord Reynolds numberg/ould result in increased suction drag and wing pro-
ranging from 12« 1(P to 30x 10 and Mach numbers file drag. In addition, the flight tests showed that lower
0.6 to 0.65, the glove had 100 percent laminar flow. Mach numbers (reduced flight speeds) caused an
The drag decreased with increased Reynolds numbefncrease in lift coefficient, a forward shift of the pres-
until a minimum was reached at the chord ReynoldsSUré minimum, and, therefore, a loss of 100 percent
number of 22x 10F. As the Reynolds number was laminar flow. For flights conducted at high subsonic
increased, the drag unexplainably increased withMach numbers=0.70), regions of local supersonic

Reynolds number. (No mention was made @f flow on the glove limited the desired 100 percent lam-
levels.) inar flow. For local Mach numbers greater than 1.10, it

was not possible to maintain laminar flow back to the

. trailing edge of the test section.
In follow-on studies, Groth et al. (1957) and gedy

Pfenninger and Groth (1961) reported the results for ] ) ) ] ]
an LFC slot-suction experiment using the F-94A air- _See se_ctlon 4.1 fqr a discussion of_ insect contami-
plane and a glove with 69 suction slots. The justifica- Nation avoidance during the slot-suction LFC F-94A
tion for the additional slots was that such a multiple flight test.

slot configuration would be applicable to an actual air-

plane wing (i.e., the distance between slots should be Pfenninger and Groth (1961) additionally
minimized to avoid premature transition to turbulence discussed an 81 slot-suction experiment which used
in a high chord Reynolds number flow). the 69-slot approach with 12 additional slots (and

39



4 chambers) in the region of 8 to 41 percent chord. For  Gross (1964) reported the results of experiments
higher Reynolds numbers, the 81-slot configuration that were conducted in the NORAIR 7- by 10-Foot
had a drag increase compared with the 69-slot config-Wind Tunnel using a 17-ft chord, two-dimensional,
uration; however, at lower Reynolds numbers and4-percent-thick slot-suction laminar flow airfoil. One
higher lift coefficients the drag was less than the previ- hundred suction slots were located from 1 to 97.2 per-
ous 69-slot test. cent chord. The spanwise extent of the slots reduced
from 77.4 in. at the first slot to 15.2 in. at the last slot.
] ) ) Full-chord laminar flow was achieved up to a chord
5.6. Later Subsonic Slot-Suction Wind Tunnel Reynolds number of 28 1(P. It was suspected that
Tests (1958) the wind tunnel flow quality contaminated the laminar
flow for larger Reynolds numbers.

Carmichael and Pfenninger (1959) reported the
results of slot-suction LFC wind tunnel experiments ~ Bacon, Pfenninger, and Moore (1964) reported the
on a 30 swept-wing model. The tests were carried out €xperimental results of (1) a 4-percent-thick straight
in the University of Michigan 5-Ft by 7-Ft and the laminar suction wing and (2) a 36wept, 12-percent-
NORAIR 7-Ft by 10-Ft Low-Turbulence Tunnels with thick, 7-ft chord laminar suction wing in the NORAIR

the goal of determining whether surface waviness was’- by 10-Foot Wind Tunnel to investigate the influ-
more critical on swept suction wings compared with €nce of sound and vibration on the laminar flow extent

unswept suction Wings_ Previous results by achieved with LFC suction through slots. Naphthalene

Pfenninger, Gross, and Bacon (1957) and by Bacongsublimation pictures showed that the introduction of
Tucker, and Pfenninger (1959) obtained full-chord sound for the swept wing resulted in transition in the
laminar flow to the trailing edge of a swept wing with flat pressure region of the wing and the appearance of
93 suction slots for LEC. The model had a 7-ft chord crossflow vortex signatures prior to transition. The
and the tunnels operated at unit Reynolds number peftraight wing results indicated that the frequency
foot of 1.7 x 10° or a chord Reynolds number of dependence of transition and sound correlated with the
approximately 12 1. The surface waviness of the theory for Tollmien-Schlichting waves. For vibration,
model was 1/3000 in/in, and suction slots were located@dditional suction was required to maintain laminar
from 0.5 to 97 percent chord. Fairings were applied atflow.

the tunnel walls to remove three-dimensional effects,

and an angle of attack of @as imposed on the test Gross and Bossel (1964) discussed the experi-
article. The F-94A flight test parameters were used toments and theoretical analysis of a LFC slot-suction
guide the wind tunnel experiment. Sine-curve wavesbody of revolution. The experiments were conducted
were constructed of Reynolds Wrap aluminum foil in the NORAIR 7- by 10-Foot Wind Tunnel, and the
and layered using silicone adhesive. The experiments30° swept-wing model had 120 suction slots. The suc-
were conducted with the slots covered by the wavestion slots were connected to 13 suction chambers. The
(foil). The results showed that waves of different 0.003-in. slots were spaced 2 in. apart from 4.84 to
length become critical whelif/A is a constant (consis- 75 percent of the model length and were spaced
tent with the work of Fage (1943) and the F-94A flight 0.5 in. from 75 to 100.4 percent of the model. (Note,
test results). From the database, the critical wavinessl00.4 percent of the model indicates that the last slot
for swept laminar suction wings was defined as out-was partially positioned on the sting.) Laminar flow to
lined in section 3.2. However, from the limited results a length Reynolds number of 20x110° was realized

it appears that multiple waves have smaller allowablewith the LFC. The theoretical analysis was compara-
wave ratios than single-wave allowables. Finally, by ble with the experiments; however, some disagree-
sealing some of the slots, the slot spacing wasment was found because the experiments could not
increased from 0.55 percent (0.4 in.) to 2.2 percentattain the pure axisymmetric-symmetric flow assumed
(1.6 in.) chord to determine a measure of sensitivity in the theory.

for more practical applications. No significant differ-

ence in the results was observed in the experiments Gross, Bacon, and Tucker (1964) reported the
with fewer slots. results of a LFC slot-suction experiment conducted in
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the Ames 12-Foot Pressure Tunnel. The model hadnodel was connected to a cylinder to form a total
93 slots of 0.004 to 0.005 in. wide extending to model length of 40 in.) For a Mach number of 2.5, the
97 percent chord of the model. The results showeddrag without suction was 1.35 times the friction drag
laminar flow extent to a chord Reynolds number of of a laminar flat plate and the flow was laminar to a
29x 10P. Reynolds number of 8 10°. To recover the same drag
by using suction to achieve laminar flow, the
Reynolds number was % 1(°. Drag increased as the
Reynolds number was increased. For a Mach number
of 3.0, the test article with no suction had laminar flow
for a Reynolds number of 4%610°. With suction, the

Virtually all the wind tunnel and flight test experi- same drag could be achieved with a Reynolds number
ments relating to LFC were conducted in the subsonicof 6x 106,

flow environment. However, there are a few unclassi-
fied supersonic LFC-related wind tunnel experiments.

5.7. Supersonic Slot-Suction Wind Tunnel
Tests (1957-1965)

A single-slot, 9.25-caliber ogive cylinder was

Groth (1961) reported the results of supersonic(€Stéd at a Mach number of 2.9 in the 8-Inch by
LFC slot-suction wind tunnel experiments conducted 13-Inch Supersonic Blow-Down Tunnel at the Univer-

during 1957 and 1958. Groth, Pate, and Nenni (1965)sity of Michigan to s_tudy the flow physics near a slot.
reported the results contracted to Northrop Aircraft Boundary-layer profiles were measured ahead and aft
from the U.S. Air Force through 1965. The first study of the _slot with a total-pressure survey. A discussion
was conducted in a supersonic wind tunnel at the U.SWas given by Groth of the local Mach number and
Navy Ordinance Aeronautical Laboratory in Texas. pressure varla_tlons near the slof[ and its _|mpact. Shock
The model was a biconvex, 5-percent-thick, 20-in- waves emulating from_the suction slot increased the
chord two-dimensional airfoil. Tests were run for Suction drag by approximately 10 to 15 percent. Groth
Mach numbers of 2.23 and 2.77. Between 23.5 and(1961) suggested that the installation of many fine
90 percent chord, 19 slots were cut in the model with SI0ts would reduce this shock-induced drag.
suction extracted into four chambers. The spanwise
extent of the slots decreased from 6.28 in. for the first  Groth (1964a), Jones and Pate (1961), and Groth,
slot to 2.56 in. for the last slot, corresponding to the 8 pPate, and Nenni (1965) reported on experiments con-
taper consistent with observed turbulent wedgeducted in 1961 in the 1-m 1-m (40-in.x 40-in.)
spreading angle. Pressure orifices, thermocouples, andupersonic tunnel at Arnold Engineering and Develop-
boundary-layer rakes were used for the measurementsnent Center. A flat-plate model with a 41-in. chord,
Boundary-layer measurements were made for severako-in. span, and 76 spanwise suction slots was used in
suction distributions. For the preliminary tests with no a Mach number 2 to 3.5 supersonic flow to study the
suction, transition occurred at 40 and 30 percent chordeasibility of LFC for supersonic flows. The slot width
for Mach numbers of 2.23 and 2.77; this resulted ranged from 0.004 in. in the front to 0.005 in. in the
in transition Reynolds numbers of 52 10° and  rear of the model. Below the slots, 0.2-in-deep holes
3.9% 10P, respectively. With the suction model, shock with diameters of 0.042 to 0.062 in. were drilled
waves were observed originating from each slot. TheQ.25 in. apart. The instrumentation could measure sur-
strength of the waves increased with increased sucface pressures on the model, suction chamber and
tion. Laminar flow was observed at an angle of attaCkmetering box pressures, and temperatures. A rake was
of 0° for the suction distributions used. positioned at the rear of the model to determine the
state of the boundary layer. For Mach numbers of 2.5,
Groth (1961) noted that additional tests at Mach 3.0, and 3.5, full-chord laminar flow was observed to
numbers of 2.5, 3.0, and 3.5 were conducted in 1958Reynolds numbers of 21.8 1P, 25.7 x 1P, and
in tunnel E1 at Arnold Engineering Development Cen- 21.4x 10, respectively (up to the tunnel limit). The
ter (AEDC) in Tennessee. A 20-caliber ogive cylinder, resulting reduction in skin friction drag of 28 and
3.25 in. in diameter (maximum) and 14.443 in. long, 43 percent of the turbulent plate values was achieved
was used for the model; 16 suction slots were locatedwith suction mass flow coefficients of 2 10* and
between 5 and 22 in. of the cylinder with 4 slots con-3 x 10*. These laminar flows were obtained by
nected to one chamber. (Note, the ogive cylinder TS-disturbance stabilization where compressibility
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helps considerably; crossflow disturbances werehowever, with suction, laminar flow was maintained.
absent from this two-dimensional flow. The measured At higher Reynolds numbers suction could not main-
boundary-layer thickness and wake drag coefficientstain laminar flow. The critical roughness heights of
were 40 to 80 percent larger than the theoretical dataD.001 to 0.002 in. were determined for this high unit
for the same suction coefficients. This difference may Reynolds number.

be attributable to spanwise contamination in the exper-

iments or the presence and influence of a detached Pate (1965) and Groth, Pate, and Nenni (1965)
shock wave from the blunt leading-edge plate, which reported on wind tunnel results of a LFC 9.2-in. cylin-
is not accounted for in the theory. drical body of revolution. Suction was applied through
150 slots on the model. Laminar flow was observed at
Mach number 2.5 to a length Reynolds number of
42 x 10° and at Mach number 3.0 to a Reynolds num-
Der of 51.5< 1(F. The total drag at Mach number 3.0
was only 23 percent of the turbulent friction drag on a
flat plate.

Shock-wave boundary-layer interaction studies
were conducted by Greber (1959) at Massachusett
Institute of Technology and in 1962 by Groth (1964a)
at AEDC to determine if slot-suction could be used to
achieve laminar flow behind a shock wave. Using
stror_mg suction in thc_a shock-interaction zone, both To verify the benefits of suction LFC for swept
studies observed laminar boundary layers downstream . .

S o - supersonic wings, Groth (1964c) and Pate and
of the shock impingement area; this means that with .~ - .

. . Deitering (1963) reported the results of experiments

suction, a stronger shock was required to separate the

flow. Again, crossflow disturbances were not presentWIth a 3-percent-thick, 3ebiconvex suction-slot wing

in these LFC shock—boundary-layer interaction tested in 1962 in the 1-m 1-m tunnel at AEDC for
studies y-lay Mach numbers 2.5, 3.0, and 3.5. The purpose of the

test was to demonstrate supersonic slot-suction LFC in
the presence of crossflow disturbances. The wing had
Additional tests were reported by Groth (1964b) at a 39-in. flow-direction chord (31.5-in. perpendicular
Mach numbers of 2.5, 3.0, and 3.5, which were con-chord) and 66 slots. Two models were tested. The first
ducted in 1961 in tunnel E1 at Arnold Engineering model, which had insufficient suction distribution at
Development Center. A 20-caliber ogive cylinder, high Mach numbers, had the first slot at 1.6 in. aft of
3.25 in. in diameter (maximum) and 14.443 in. long, the leading edge. No laminar flow was observed with
was used for the model, which had the same dimen+the first model for Mach number 3.5. The second
sions as the 1958 model. An improved suction systemmodel (or modified model) had the first slot at 0.76 in.
was used and 29 closely spaced suction slots werelown from the leading edge. Full laminar flow was
located between 4.5 in. and 18 in. at spacings ofobserved for length Reynolds numbers of170P for
0.5in.; this led to a more continuous distribution of Mach number 2.5, 28 1(P for Mach number 3.0, and
suction compared with the 1958 LFC model. A total- 20 x 10° for Mach number 3.5. However, the drag
pressure head rake was mounted aft of the last slot t@oefficient was somewhat higher and was presumed to
measure the state of the boundary layer. Full laminarbe influenced by three-dimensionality in the tunnel.
flow was observed for chord Reynolds numbers of
15.3x 1P for Mach number 2.5, 115 10° for Mach Goldsmith (1964) reported results conducted in
number 3.0, and 6.8 10° for Mach number 3.5. The 1963 in the same AEDC tunnel but with & Bivept-
experimental boundary-layer thickness measurementsving model and at flow conditions of Mach numbers
were shown to be 22 percent thicker than theoreticalof 2.0 and 2.25, giving a subsonic leading edge to a
estimates; however, the theory did not account forsupercritical leading edge. Contoured wind tunnel
potential shock waves emanating from the slots. Addi-wall liners were installed to simulate an infinite (two-
tionally, the effect of surface roughness on the laminardimensional flow) swept wing. The model had a 10-in.
flow extent was measured at Mach number 3.0 andchord perpendicular to the leading edge and a 33-in.
unit Reynolds number per foot of 18 10°0. A chord in the streamwise direction. Sweeping the wing
0.093-in-diameter disk with height of 0.0035 in. was beyond the Mach angle zeros the lift wave drag; how-
placed at 2.0 in. on the model. With no suction, transi-ever, this benefit may be offset by increases in induced
tion moved upstream from 14 to 12 in. with the rough- drag. To prevent this increase in induced drag, the
ness present for a Reynolds number of %.30% aspect ratio of the highly swept wing must lead to an
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increased wetted area. Increases in wetted area woulthcreased with increased Mach number and with

suggest the benefits of LFC (skin-friction reductions) increased crossflow. Unlike the flat-plate model, the

would be profitable. Slot suction was used with slots swept-wing models were sensitive to the local suction
being as narrow as 0.003 to 0.0035 in. and spacedlistribution. Two additional slots were added to the

0.08in. (0.27 in. in the streamline direction) apart. 36> model in the leading-edge region to provide

Three rows of 13 pressure taps were used in additioradequate suction with increased Mach and Reynolds
to the measurements made by Groth (1964a) for thenumbers.

LFC suction system. The total drag measurements for

the flow at a Reynolds number obO10° were low 5 g 51 a (WB-66) Slot-Suction Flight Test

and indicated that the flow was laminar; the drag rose(1960_1965)

quickly for an increase in Reynolds number. Turbulent
contamination along the attachment line was sug- _ _
gested as the culprit for the sudden drag increase. The The July 1966 issue of AlAAAstronautics and

results at Mach number 2.25 were sparse ang”€ronauticswas devoted to discussions on the pros-
inconclusive. pects of Laminar Flow Control and the X-21 LFC

flight test. This section summarizes the content of
_ _ _ those articles (which primarily focused on work by
Further study of highly swept wings by Goldsmith Northrop and the Air Force Systems Command), the
(1964) focused on the influence of the spanwise veloc-jyne 1967 report of the Northrop Corporation (Kosin
ity component on slot losses. Previous incompressible;gg7), papers by Whites, Sudderth, and Wheldon
calculations have assumed that the slots were two1966) and Pfenninger and Reed (1966), and AGARD
dimensional channels with no density changes in theeports by Pfenninger (1965) and Fowell and
slot; however, for supersonic flows, the calculated aptonatos (1965), which summarized the X-21A slot-
losses should account for density variations. In addi-gction flight experiment and the state of the art in
tion, an account of the spanwise velocity component| Fc ajrcraft of that era. Northrop modified two
should be considered for swept slots. The procedurgyp.g6 aircraft to incorporate LFC technology on the
for calculating the losses through a swept slot wasyings to demonstrate the feasibility and practicality of
rather lengthy compared with that for unswept slots; the design, manufacturing, operation, and maintenance
however, the new procedure indicated a 22-percenipf | FC ajrcraft systems. Modifications of the WB-66
increase in losses for an example problem of @ 72 gjrcraft included the removal of the original wings and
swept slot. This value indicated the potential signifi- {hejr replacement with LFC slot-suction wings, the
cance of including the spanwise component. The neWremoyal of the engines and replacement with aft-
procedure used for an unswept case gave the sam@ounted engines, and the installation of LFC suction
results as the prior two-dimensional approach. compressors in pods mounted under the wings.
Figure 36 shows a modified X-21A aircraft.

Finally, Pate (1964) and Groth, Pate, and Nenni
(1965) reported the results of slot-suction LFC swept- Nenni and Gluyas (1966) discussed the aerody-
wing models tested in the 1-ml-m supersonic tunnel namic analysis involved with slot-suction LFC design.
at AEDC. As sketched in figure 34, 3&nd 50 In the 1960s, the analysis consisted of defining a wing
swept-wing models with 68 and 67 slots, respectively, pressure and velocity distribution, followed by calcu-
were used for the tests. For Mach numbers of 2.5, 3.0Jations of the viscous boundary-layer flow over the
and 3.5, laminar flow was achieved on both models,wing, then the suction required to stabilize the bound-
with full-chord laminar flow being observed on the ary layer was determined, and finally the slot spacing
36° model. These results shown in figure 35 demon-and size and the suction system were prescribed. The
strate that drag reductions can be achieved by usingrocess was iterative until the desired design was
LFC in supersonic flow. More specifically, the slot- obtained. By establishing the wing geometry, the wing
suction LFC flat-plate and swept-wing results are pressures and velocities can be obtained with transonic
compared with one-third turbulent skin friction on a wing theory. Notably, the pressure isobars should be
flat plate. Then the total drag using LFC was a fraction straight and constant along the wing span both to
of the turbulent flow skin friction. Groth, Pate, and allow the suction slot to see a constant pressure and to
Nenni (1965) noted that suction requirements minimize the boundary-layer crossflow over a large
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portion of the wing. The inverse problem of prescrib- wing of 1 to 5, 5 to 40, and 40 to 100 percent chord,
ing the pressure and solving for the wing geometry respectively. The flow passed from the slot in the skin
could not be tackled at that time. Local deviations through the holes in the structure below the skin, to the
from the desired pressure did not hinder the attainmentluct via the plenum chambers beneath the slots, and
of laminar flow (for full-chord LFC applications). through the plenum ducts and flowmeter nozzles
After obtaining the external flow field, boundary-layer through the inner skin. These slot plenum and holes
calculations provided velocity profiles and integral were designed to provide a uniform suction distribu-
thicknesses for comparison with established criteriation along the suction slot to minimize the potential for
for the boundary-layer instability to determine transi- disturbances. For the X-21A suction system, 96 suc-
tion locations. If the ideal straight isobar wing was tion control valves were employed to independently
approached, the three-dimensional boundary-layercontrol the suction in each slot. The airflow rates for
system could be simplified with a conical flow the system were operational from 85 to 130 percent of
assumption. This assumption was used over most othe designed nominal flow rate to provide variations to
the X-21A wing, with full three-dimensional calcula- validate the unproven method for estimating the air-
tions being made at the wingtip and wing root. flow. For example, the flight condition at an altitude of
43000 ft and a Mach number of 0.75 had airflow rang-
ing from 1.94 to 7.18 Ib/sec. For the theoretical

The X-21 had a wing sweep of 38nd a flight description of the suction system involving a continu-

envelope with Mach numbers from 0.3 to 0.8 at alti- S : .
tudes from 5000 to 44 000 ft. Approximately 160 hr of ous distribution, the flight-observed and theoretically

high-speed and 1300 hr of low-speed wind tunnel testspredicted suction over the wing chord agreed reason-
were carried out with a model X-21A wing to validate ably well except for the lower surface outboard region.

- . ] Whites, Sudderth, and Wheldon (1966) showed that
the wing-design concept. Good correlation was later

found in comparing the wind tunnel and flight experi- for a Mach number of 0.74 and altitude of 41400 ft,

ment results for the effects of aeroelasticity and flight ther fllg(jjh_tnmiasureg ?r:jqﬁprrezlqtnetlj SU(I:t;JOI'] 5d(|)str|brut|(;rt1
pressure distributions on the wing. To prevent agreed In shape but dittered in level by percent,

attachment-line contamination resulting from the with theory underpredicting the requirements.
wing—fuselage juncture, the X-21A used a fence, verti-
cal slots, and a gutter. To measure the local state of the boundary layer,
total-pressure rakes were mounted at the trailing edge
of the wing. Single probes were positioned at a height
lightly above the laminar boundary-layer thickness.
hen the state of the boundary layer was laminar, the
probe recorded a full free-stream total pressure; other-
wise, a smaller pressure was recorded due to the probe

ing the adequate suction flow rates. A typical value of being immersed in a turbulent boundary layer. The

the slot Reynolds number was 100, and typical suctionr.e“"lt'onsr.]IIO between the pressure .IOSS and t_he _tranS|-
. tion location was made both analytically and in flight.

uantity coefficients range fromU_ = 5x 107% in . .
g y g “ Probes were used to measure velocity fluctuations

relatively flat pressure regions U _, = 10x 1 o . X
near the leading edge of the wing. In the Ieading-edgeW'thm the boundary layer. Microphones mounted with

region, the chordwise slots were 0.0035 in. wide anddlaphragms flush to the surface were used to measure

spaced 0.75 in. apart and were used to control the f|0V\POth velocity fluctuations and to determine sound lev-

on the attachment line. Strong suction was requiredeIS above the wing.

near or on the attachment line so that the momentum-

thickness Reynolds number did not exceed 100. Inthe  Concerning the issue of allowable or tolerable

spanwise direction, the slots were varied in width sowaviness and roughness, the report (Kosin 1967) doc-
that the velocity would gradually be reduced to zero asuments the flight condition of a Mach number of 0.8

the end of the slot was reached to minimize theand an altitude of 45000 ft, the permissible step
potential for vortex formation there. Typical values heights were 0.02 in. for forward-facing steps,

of the slot spacing/width include 1.1/0.003-0.004, 0.009 in. for rearward-facing steps, and 0.25-in.

2.0/0.006-0.007, and 1.2/0.005 in/in for regions on thewidths for spanwise running gaps. The permissible

For the suction system boundary-layer calcula-
tions, a continuous-area suction assumption was use
to approximate the actually discrete distributed suction
which occurred in steps. Boundary-layer stability anal-
ysis provided the necessary information for determin-
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amplitude to wavelength was much less than 0.004chord Reynolds number of 2010°. During 1964, the
(waviness criteria). The flight tests showed that the laminar flow region was extended to 70 percent chord
wing can tolerate a 0.125-in. gap with a depth of at that Reynolds number and from 30- to 55-percent-
0.18 in. on the lower left outboard wing at 60 percent chord laminar flow at a Reynolds number of-30cP.
chord, 0.04-in. gaps at 44 percent, and 32 percenDuring 1965, laminar flow was realized up to 96, 81,
chord without the loss of laminar flow. The addition of and 59 percent chord for Reynolds numbers of
gaps of 0.05 in. at 15 percent chord and 0.08 in. at20 x 10°, 30x 1(P, and 40x 10°, respectively. The
8 percent chord required a lowering of the suction in X-21A program completed more than 200 LFC
the forward ducts to maintain laminar flow. The flights. Figure 37 shows sample results obtained dur-
results of waviness studies showed that waves as faing the flight test for a Mach number of 0.7, altitude of
apart as the front and rear spars can be treated by sirt0 000 ft, and a chord Reynolds number o0,
gle wave criteria rather than multiple wave criteria. 74 percent of the upper surface and 61 percent of the
lower surface had laminar flow.
The impact of acoustic disturbances on transition
was also tested in the X-21A program. The sound was  See section 4.2 for a discussion of the impact of
introduced ahead of the 15-percent-chord positioncloud particulate on laminar flow during the X-21A
(front spar). There was a lack of evidence that internalflight test.
noise caused any deterioration of the laminar flow.
This impact may be caused by insufficient intensity of Using criteria from previous experiments, the
the sound at the critical frequencies even with soundanalysis required that the momentum-thickness
10 to 15 percent above normal levels in the duct or itReynolds number on the attachment line be less
may be caused by the sound not being introduced athan 100. The second derivative of the velocity at the
the most critical chordwise position. Slot Reynolds wall led to momentum-thickness Reynolds number
numbers from 120 to 140 were shown to create a discorrelations for both tangential and crossflow instabil-
turbance at the slot-wing intersection that dominatedities. Although suction was applied in discrete steps
any potential disturbance from the internal duct sound(slots), the calculated suction requirements assumed
pressures. Finally, tests showed that structural vibra-continuous suction on the surface. The suction system
tions within frequencies 400 to 1800 Hz at magnitudesshould be designed to keep slot Reynolds numbers
above the normal vibration environment did not affect below approximately 100 to prevent the generation of
the laminar flow extent. disturbances by the slot flow. With the suction flow
rate determined from boundary-layer stability consid-
Companion wind tunnel tests were performed to erations, the pressure drop through the skin must be
verify that a sudden loss of laminar flow would not set to obtain the desired flow rate.
cause control problems on a LFC aircraft. The results
showed that the lateral-directional and long-period .
longitudinal dynamic motions may require more strin- 6'_ Laminar Flow Control After OPEC
gent artificial damping than the minimum acceptable Oil Embargo
requirements on the turbulent aircraft. However, both
motions are of sufficient duration that the pilot correc- Because of the impact of the OPEC oil embargo
tive action can be applied and the aircraft dynamicson fuel prices in the United States in the 1970s, the
does not present a danger to flight safety. Laminar Flow Control project (under the NASA
ACEE Program) was formed to help improve aircraft
An interesting conclusion from Kosin (1967) sug- cruise efficiency. The major NLF and LFC projects in
gested that future studies should seek to reduce théhe United States included various general aviation
boundary-layer disturbances which are generated irflight tests, F-111 TACT, F-14 VSTFE, Boeing 757
the wing-nose region of the aircratft. NLF glove flight experiments, a LFC wind tunnel
experiment, advanced airfoil development for NLF,
For the flight tests beginning in 1963, the results and the Jetstar LFC flight experiment. See appendix A
showed progressively increasing regions of laminarfor a discussion of many of the subsonic NLF results.
flow, culminating at the end of the year with nearly This section contains LFC projects in the United
60-percent-chord laminar flow at a mean aerodynamicStates and Europe after the OPEC oil embargo.
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6.1. Boeing Research Wind Tunnel LFC Test spottiness on transition, antiturbulence screens, honey-
(1977-1978) combs, and a sonic choke were employed in the 8-ft
TPT. The level ou/U_, dropped to between 0.03 and

Kirchner (1987) discussed a slot-suction LFC 0.06 percent. To simulate an infinite wing flow, upper
swept-wing experiment that was conducted in the and lower tunnel wall effects were removed by install-
Boeing Research Wind Tunnel. The principal goals of ing foam wall liners. Figure 38 shows a sketch of the
the test were to demonstrate the functionality of the SWept-wing model and wall liners installed in the 8-ft
suction system, to establish the required suction distri-TPT wind tunnel with the anticipated turbulent
bution, and to explore the sensitivity of the flow to €gions.
suction level. A 30 swept-wing model with a 20-ft

chord was designed with slot suction over the first Bobhbitt et al. (1992) expanded on the discussion to
30 percent chord for the upper surface and the firstinclude the design of the tunnel liner, swept LFC wing
15 percent chord for the lower surface for the designmedel, and the type and location of the instrumenta-
condition of Mach number 0.8. Confidence in the tion. For a 7.07-ft-chord model, the airfoil design had
design and analysis tools and the experimental diagy 12-percent-thick 23swept-wing model, Mach num-
nostic tools were the only results reported as productg,gr 0.82,C, =0.47, and a chord Reynolds number of
of that LFC wind tunnel experiment. 20.2x 1(P. In the design of the LFC model, CF distur-
bances were kept small to prevent CF-TS disturbance

6.2. Langley 8-Foot Transonic Pressure Tunnel interactions because the linear design theory could not
LFC Wind Tunnel Test (1981-1988) account for nonlinear interactions. To optimize the
design, many iteration cycles were required consisting
In 1975, Werner Pfenninger devised a wind tunnel ©f computing the mean-flow fluid dynamics and the
experiment to determine the impact of a large super-Poundary-layer stability properties for specified suc-
sonic zone on a supercritical wing (concept by tion levels. The SALLY (Srokowski and Orszag 1977)
Whitcomb and Clark 1965) and application of suction @1d MARIA (Dagenhart 1981) boundary-layer stabil-

(slotted and perforated) LFC to control the boundary- 'ty codes were used for the analysis. For all calcula-
layer stability characteristics (Bobbitt et al. 1992). tions, distributed suction over 1.5 to 25 percent chord
was enforced witlCq = —-0.00015. For the design, an

The tunnel of choice during 1976 was the Ames adverse pressure gradient existed to about 25 percent
12 Foot Pressure Tunnel because of its good flowChord fo.IIowed by_ a favorable gradient. The model
quality, demonstrated by the previous achievement of12d Suction capability to 96 percent chord on the upper
full-chord laminar flow on a swept wing. (See Gross surface and to 85 percent chord on the lower surface,
Bacon, and Tucker, 1964.) However, funding commiti with different pressure gradients providing the poten-
ments to make flow-quality improvements to the tial for studying both TS and CF disturbances. Partial-
Langley 8-Foot Transonic Pressure Tunnel (TPT) chord suction coupled with the favorable pressure gra-
changed the preferred tunnel to the 8-ft TPT in 197g.dient prevented the CF disturbances from growing
In the 1980 time frame, the scope of the experiment?€YONdN = 4. The TS disturbances grewNo= 10.36

was modified from slot suction only to include a at 70 percent chord. A chief concern of the design pro-

perforated-suction panel, and in 1985, the plan wasCess was the supersonic bubble height limitation (dis-

modified to include the LFC capability with suction on t@nce between model and tunnel wall) and the desire

the first 20 percent chord of the model. The first test for stable upper surface flow.

with a slot-suction model began in 1981 and ended in

1985; perforated-suction testing began in 1985 and  Brooks and Harris (1987) noted that, for the slot-

ended in 1987; the HLFC test began in the winter ofsuction LFC test, full-chord laminar flow was

1987 and ended in 1988. obtained on the upper and lower surface for a Mach
number of 0.82 and a chord Reynolds number of

Harvey and Pride (1981) discussed the design of12 x 108 (unit Reynolds number per foot of approxi-

the LFC suction system and required modification to mately 1.7x l(ﬁ). The sonic bubble associated with

the tunnel. To minimize the impact of wind tunnel the flow on the upper surface of the model was slightly

free-stream turbulence vorticity, noise, and thermallarger than designed, partially because of the inability
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to adequately account for boundary-layer displace- The compressible boundary-layer stability code
ment effects in the design analysis. The flow remainedCOSAL (Malik 1982) and the incompressible SALLY
shock free below a Reynolds number o100, The code (Srokowski and Orszag 1977) were used to ana-
required suction levels were higher in the experimentlyze TS disturbances and MARIA (Dagenhart 1981)
than predicted with the theory. A partial explanation was used to analyze CF disturbances to correlate com-
for these higher suction requirements could be putedN-factors with the observed transition locations
attributed to wind tunnel free-stream disturbance lev-on the slot-suction wing model. For a Mach number of
els (not accounted for in the design), surface pressur®.6 and a chord Reynolds number of<L0®, incom-
irregularities, and upper surface high velocities. pressible TS-disturbance analysis showed that growth
of the disturbances occurred over the first 15 percent
The transition front for a Reynolds number of chord and suggested tHat= 10 would correlate with
10 x 10° has moved from the trailing edge upstream atthe observed transition location. Over the Mach num-
a nonuniform rate (i.e., the simulated infinite wing had ber (less than 0.7) and Reynolds number range,
some wind tunnel wall influences) as the Reynolds N-factors correlated with the experiments ranged from
number was increased. For Reynolds numbers8.5 to 10.5 for TS disturbances. Incompressible
between 1k 10 and 13x 10P, transition on the upper  CF-disturbance analysis showed that over the same
surface moved upstream to about 80 percent chord andange the amplification of the disturbance did not
to about 65 percent chord as the chord Reynolds numexceedN = 2.5; this indicated that the transition pro-
ber approached 2010°. On the lower surface, transi- cess on the wing was primarily TS-disturbance domi-
tion moved to about 75 and 30 percent chord fornated. At a Mach number of 0.82 and a Reynolds
Reynolds numbers of 18 1° and 15x 10°. A total  number of 20« 10°, TS disturbances achievt= 10
drag reduction of about 60 percent was realized withto 13 at the measured transition location of 20 to
the swept slot-suction supercritical wing compared 28 percent chord. For this simulated HLFC test case,
with the unswept supercritical turbulent wing (Bobbitt suction was applied only in the first 8 percent chord.
et al. 1992). For CF disturbance$\ = 4.5 was reached in the first
5 percent chord followed by decay; hence, because the
The influence of Mach number on the transition CF modes were decaying at the measured transition
location is shown in figure 39. Increasing the Mach location, it was concluded that transition was caused
number had a stabilizing influence on the boundary-by TS disturbances. For a Mach number 0.82 and a
layer instabilities and the transition location moved chord Reynolds number of 20105, figure 41 shows
downstream, except at Mach number 0.811 where thecorrelations of incompressible TS-disturbance ampli-
transition location moved upstream. Bobbitt et al. fication with measured transition locations that were
(1996) noted that a significant change in the pressurevaried with suction variations. If transition occurred
took place near Mach number 0.8, which caused dra<lose to the leading edgd,= 10.5 correlated with the
matic alterations. These alterations may be due to theneasurements, and if transition was observed at
supersonic bubble contacting the wind tunnel wall. greater than 40 percent choid,= 7 correlated with
the measurements. (Section 3.5.3 indicated that higher
Using the slot-suction model, a simulation of N-factors are realized for transition in the leading-edge
HLFC was attempted simply by progressively turning region of a wing if the surface curvature is not
off suction over the rear portion of the model until suc- included in theN-factor calculation.) For a chord
tion was only applied near the leading-edge region.Reynolds number of 28 10°, shock interference pre-
For a chord Reynolds number of xaL0P, full-chord vented any meaningful correlation. For the compress-
laminar flow moved to 53-percent-chord laminar flow ible analysis of TS disturbancebl-factors ranged
using suction only in the first 25 percent chord. At a from 5 to 7.5 for a Mach number of 0.82, a chord Rey-
chord Reynolds number of 2610, the influence of  nolds number of 28 10°, and suction applied only up
chordwise suction extent on the amount of laminarto 10 percent chord. In conclusion, Berry et al. (1987)
flow is shown in figure 40. The results indicated that found transition to be TS-disturbance dominated with
after about 15 percent chord, the extent of laminarincompressible analyses correlatiNgfactors of 9 to
flow significantly increased with additional suction 11 and compressible analyses correlabifactors of
from 15 to 20 percent chord. 5 to 6. They also noted that tNefactor tool should be
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used conservatively with LFC in the transonic flow Details of the flight experiment are reported by
regime. Fischer, Wright, and Wagner (1983), Davis et al.
(1989), and Maddalon and Braslow (1990).
Bobbitt et al. (1996) noted that the main results

from _the slot-suction LFC and HLFC wind tunnel As described by Etchberger (1983) and Lange
experiments were (1984, 1987), the Lockheed LFC concept consisted of
_ _ a fiberglass-epoxy substructure enclosing ducts which
1. Full-chord laminar flow was achieved for the . ijeq air passage for 27 suction slots. Shown in
slot-suction model up to a chord Reynolds fj,re 43, the titanium skin had each slot cut to a width
number of 10¢ 1¢° of 0.004 in. The holes under the slots were 0.03 in. in
) diameter and centered 0.2 in. apart. Suction was pro-
2. Up to 60 percent total drag reductions were yjged by a centrifugal air turbine compressor mounted
achieved for slot-suction test compared with jnsjde the aircraft. The suction slots covered the upper
unswept turbulent baseline surface back to the front spar (12 percent chord). In
the leading-edge region, six slots served both to
3. Suction mass flow reqUired to maintain laminar control the flow and to provide fluid for insect-
flow to 60 percent chord on the upper surface contamination and ice-accumulation protection. A
was twice as high as predicted for free-air 60/40 mixture of propylene glycol methyl ether and
conditions water was expelled through the slots. After climb out
to 4000 ft, the fluid ejection system was purged from
4. Suction over less than 20 percent chord causedhe slots. The suction system and glove geometry were
transition to move rapidly forward designed by using computer simulations and wind tun-
nel experiments. The construction of the test article
5. The drag coefficient increased as Mach numberrequired numerous manufacturing trial and error steps.
increased until Mach number 0.82 to 0.825 was

reached, when an abrupt increase in laminar e Douglas concept, reported by McNay and
flow was observed (probably_due to choking of Ajjen (1981), Pearce (1982), Pearce, McNay, and
the tunnel and decreased noise) Thelander (1984), and Powell (1987) and shown in

_ _ ~figure 44, involved an electron-beam-perforated tita-
6. More research is needed to provide tools whichnjym sheet bonded to a fiberglass corrugated substruc-
better describe the effects of wind tunnel envi- yyre. Fifteen flutes were used to extract air through
ronment on boundary-layer receptivity and g 0025-in. holes spaced 0.03 in. apart. Suction was
transition for more accurate prediction of suc- appjied from just below the attachment line back to the

tion level requirements for LFC and HLFC front spar. A Krueger shield was used at the leading

edge to deflect or block insects. TKS anti-ice system
6.3. Jetstar Leading-Edge Flight Test was used on the Krueger shield, and a spray nozzle
(1983-1986) system was appended to the back of the Krueger shield

as a backup system for anti-insect and anti-ice protec-
The Leading-Edge Flight Test (LEFT) on the tion of the leading edge pending a Krueger system

NASA Jetstar (Lockheed C-140) aircraft was an ele- failure. The Krueger shield was retracted after reach-
ment of laminar flow technology within the ACEE Ing an altitude of 6000 ft, with the goal of leaving an
program. The Jetstar flight experiment had objectivesinsect-free leading edge for cruise flight.

which included addressing LFC leading-edge system

integration questions and determining the practicality Both LFC test articles were 61.25 in. long (20 per-
of the LFC system in operational environments via cent of the spanwise extent of the wings) and extended
simulated airline operations. Douglas Aircraft Com- from the leading edge to the front spar. At the end of
pany and Lockheed-Georgia Company designed andhe test article at the front spar, both designs had a
constructed leading-edge test sections for the Jetstafairing which was used to continue the contours of the
right and left wings, respectively. An illustration of the test articles back to 65 percent chord. The contours
aircraft with suction gloves is shown in figure 42. were designed to simulate a supercritical pressure
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distribution for the design conditions of Mach number A similar wood leading-edge bump was placed on
0.75 at an altitude of 38000 ft. Off-design conditions the Lockheed test article to prevent attachment-line
ranged from Mach numbers of 0.7 to 0.8 and altitudescontamination. For a Mach number of 0.725 and an
of 29000 to 40000 ft. The gloves had a leading-edgealtitude of 32000 ft, 97 percent laminar flow was
sweep of 30and the local peak Mach number of 1.1. observed on the Lockheed glove. At the design Mach
number of 0.75, only 74 percent laminar flow was

: . realized.
Surface pitot tubes aligned along the front spar 'z

were used to determine the state of the boundary layer. : . . .
. o See section 4.2 for a discussion of the influence of
Pitot probes were positioned at 13 percent chord at the . . )
: . ce-particulate on laminar flow for the Jetstar flight
laminar boundary-layer height to measure the state o , )
! , .. . test. Note, that the aircraft encounter with clouds
the boundary layer. The differential between the pitot o )
shown in figure 45 lasted on the order of minutes and
probe pressure and free-stream reference probe pres; . : e
. __That laminar flow was regained within a few seconds
sure gave the state of the boundary layer. For Iammarafter exiting the cloud
flow, the differential would be zero, but for transi- 9 '
tional and turbulent flow, a differential would exist

because the pitot probe would be submerged in a tur- In addition to de'monstratin_g that the LF_C SyStemS
bulent boundary layer. Atmospheric cloud conditions could be packaged_ in the leading-edge region, laminar
flow could be obtained through the suction LFC sys-

were measured by a laser particle spectrometer to pro- . - .
vide a qualitative picture of potential ice-particle con- tems, the simulated airline service demonstrated t_he
tamination and interference. (Refer to fig. 45.) robus_t.ness of the_ LFC systems_ und_er normal operating
conditions of typical commercial aircraft (Maddalon
and Braslow 1990). As Warwick (1985) noted, the
At a Mach number of 0.78 and altitude of X-21 program had difficulty keeping the LFC system
32000 ft, the test article only had 7 to 8 percent lami- free from insects and dirt or dust accumulation. The
nar flow. Disturbances along the attachment line Jetstar overcame this difficulty by using a Krueger
caused transition to occur as the momentum-thicknesdlap on the right wing and by applying a thin layer of
Reynolds number increased above 110. Introducing &luid on the left wing during takeoff. As a demonstra-
Gaster-type bump (fig. 16) on the inboard attachmenttion of the concept, the Jetstar aircraft operated out of
line eliminated the turbulent contamination problem. Atlanta, Georgia; Pittsburgh, Pennsylvania; and
Figure 45 shows a typical flight profile result. Accord- Cleveland, Ohio, and into many other airports in the
ing to Fisher and Fischer (1987), laminar flow was United States in 1985 and 1986 (Maddalon and
realized back to the front spar by using the LFC Braslow 1990). In this service, the aircraft was kept
system. outside and exposed to the weather (e.g., rain, pollu-
tion). Results of the simulated airline service showed
that no operational problems were evident with the
LFC systems, no special maintenance was required,
and LFC performance was proven through the realiza-
tion of laminar flow on the test article.

For the Douglas article, laminar flow was
observed back to 83 percent of the article length for
design conditions and back to 97 percent for the off-
design condition of a Mach number of 0.705 and an
altitude of 38 000 ft. Powell (1987) and Morris (1987) o _
discussed the LFC technological accomplishments6.4. Cessna Citation Ill Nacelle LFC Flight
resulting from the Jetstar program for the Douglas Test (1986)

Aircraft Company. In brief, electron-beam-perforated

suction surface fabrication, simplified LFC suction Peterman (1987) presented a Cessna Aircraft
panel construction, and a retractable Krueger shieldCompany perspective on NLF and LFC at a 1987
for anti-insect contamination were devised and/or NASA symposium. Although the company focus had

demonstrated on the Jetstar. Also, because the Krueggarimarily been on NLF, mention was made of a LFC

shield effectively prevented insect contamination on flight test that Cessna and Rohr Industries conducted
the test section, liquid discharge from the spray nozzlein August and September 1986. The nacelle length
was not necessary. was extended by 10 in. and the first 40 percent of the
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nacelle on a Citation Il was reskinned with a woven- from the fuselage would spill onto the attachment line
wire porous surface called DYNAROHR. The surface and destroy the potential for laminar flow. Three-
pressures and boundary-layer transition locations weralimensional calculations were conducted to theoreti-
measured. Peterman did not discuss the LFC flight testally optimize a bump (Gaster 1965) to avoid the tur-

results in his presentation. bulent contamination problem. This bump was
designed and constructed for the attachment-line

6.5. Dassault Falcon 50 HLFC Flight Tests region near the fuselage-wing juncture and tested in a

(1987-1990) wind tunnel. Results from the wind tunnel study of a

simplified model showed that the bump enabled larger
Reynolds numbers prior to turbulence onset. A bump

Bulgubure "and - Arnal = (1992) and Courty, was manufactured for the Falcon 50 aircraft.

Bulgubure, and Arnal (1993) noted that the purpose of
the flight tests on the Falcon 50 aircraft (fig. 46) was
to acquire data to validate and improve design tools  As shown in figure 46, the installed instrumenta-
and to show the feasibility of the laminar flow concept tion package included (1) 3 rows of static-pressure
in flight conditions covering a range of Mach number, taps embedded in the suction article between the flutes
Reynolds number, and sweep angle to a future laminato measure the pressure distribut@g (2) 3 rows of
business aircraft. The project took place in two flight 12 hot films each for transition detection flush
test phases plus a wind tunnel validation phase. mounted in resin downstream of the suction article,
(3) a series of 14 hot-film sensor arrays on the upper
The first phase (1985-1987) aimed to demonstratesyrface and 14 hot films oriented spanwise on the
that a wing could fly with NLF (optimized airfoil for  attachment line for attachment-line boundary-layer
extended regions of laminar flow) and to determine state detection (used only during the leading-edge
the limits of this concept. The results of the program transition—contamination measurements and removed
showed that transition criteria had been correlated andor flight tests with suction), (4) a pod installed for
provided the knowledge required to proceed with the ejther an infrared camera to record the transition loca-
second phase—a HLFC demonstration. The secondjon or a video camera for recording leading-edge anti-
phase (1987-1990) of the flight test aimed to show thejcing effectiveness, (5) 2 sensors for free-stream turbu-
feasibility of HLFC in a highly three-dimensional |ence measurements, and (6) 6 velocimeters coupled

region near the fuselage. The purpose of the follow-onwith static pressure taps to measure the suction flow
flight experiments was to show that laminar flow rate in each channel.

could be realized for a 35swept wing with flight

Reynolds numbers ranging from £2.0° to 20x 1¢P. _ ,
The first HLFC flight test phase was conducted

The HLFC system was designed to provide initially without the Gaster bump; the primary objec-
leading-edge boundary-layer suction aft to 10 percenttive of the ﬂlght investigation WaS. the assessment of
chord on the upper surface, anti-icing and insect con-the TKS anti-icing and insect-avoidance system. (See
tamination avoidance, and fuse|age turbulence Consection 4.1 for a discussion of the effect of the use of a

tamination avoidance along the attachment line. TheTKS anti-insect system for the flight test.) In addition,
design objective was 30_percent_ch0rd laminar flow. the location of the attachment line was measured for
Shown in figure 46, the perforated stainless steel sucProper placement to the Gaster bump. The second
tion article was placed over the existing inboard wing Phase of flight tests was with the bump on the aircraft
structure in close proximity to the fuse|age of the tO determine the effectiveness of the Gaster bump for
Falcon 50 aircraft. The glove was faired into the exist- turbulence contamination avoidance along the attach-
ing ng with an epoxy resin fairing_ Boundary_|ayer ment line, the effect of sweep angle on the chordwise
suction was distributed chordwise through SiX Span_eXtent of laminar ﬂOW, and the effect of suction flow
wise flutes. In addition, a TKS anti-icing system was rates and distribution on the chordwise extent of lami-
integrated into the design and performed the additionalnar flow. The flight tests were conducted such that the
task of insect contamination chord Reynolds number variation in the region of the
test article was between 1P and 20x 10°. The
Calculations showed that at unit Reynolds num- leading-edge sweep angle of the test article was nomi-
bers above &« 1P (flight envelope), contamination nally 35’; however, additional testing was conducted
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at sideslip of % which yielded a leading-edge sweep A 22-ft span segment of the leading-edge box out-
angle of 30. board of the engine nacelle pylon and on the left wing
was replaced with a HLFC leading-edge box as shown
With boundary-layer suction and without the in figure 49. This new leading-edge section consisted
bump, the whole test article was turbulent. For variousof a perforated titanium outer skin, suction flutes
combinations of Reynolds number and sweep angleunder the skin, and collection ducts to allow suction
the best case revealed only a very small area of intercontrol of the boundary-layer CF- and TS-disturbance
mittent boundary-layer flow outboard on the test arti- growth from the leading edge to the front spar. The
cle. With the Gaster bump installed on the leading leading edge included a Krueger shield integrated for
edge at 150 mm from the fuselage and with the saméigh lift and insect protection and hot air deicing sys-
suction rates as in the case of no bump, the boundar{ems. The wing-box portion of the test area consisted
layer was observed to be mostly intermittent. With the of the original Boeing 757 surface and contour and
Gaster bump installed at 300 mm from the wing root, only required minor clean-up (e.g., shaved-off
figure 47 shows that most of the test article becameexposed rivet heads) to meet surface waviness and
fully laminar. As expected, when the boundary-layer Smoothness requirements. The design point for the
suction turned off, the flow over the test article flight tests was Mach number 0.8Gt = 0.50. Flight
became completely turbulent. tests of many off-design conditions were performed to
investigate extent of laminar flow as a function of
The results of this two-phase flight test program Mach number, unit Reynolds number, and lift coeffi-
demonstrated that laminar flow was a viable conceptcient. Flight testing began in February 1990 and ended
for at least the business-type aircraft. Hence, thel August 1991.
ELFIN program was established to advance NLF and
LFC technologies for subsonic flight. Figure 48 gives  As shown in figure 49, flush-mounted pressure
a schematic of the range of interest for the projectstaps were positioned in the perforated leading edge
supported by the program. and strip-a-tube belts were used to measure the exter-
nal pressure distribution over the wing box. Hot-film
6.6. Boeing 757 HLFC Flight Test (1990-1991) sensors were used to determine the transition location
on the wing box and along the attachment line. Lim-
In the 1980's, it was recognized that conventional '©€d infrared camera imaging was obtained and indi-
aircraft production wing surfaces could be built to c@ted that this technique was useful for boundary-layer
meet LFC design constraints. The NASA Jetstar flight transition detection. Finally, wake-survey probes were

test addressed LFC suction leading-edge systems aaned to infer local drag-reduction e_stimates. The state
demonstrated extensive laminar flow in airline-type ©f the laminar boundary layer, the internal and exter-

operations. A large, commercial transport demonstra-N@l Pressure distributions, and the suction system were
tion was the natural next logical stage of development.mon'tored in real time onboard the aircraft during the
In 1987, NASA, the U.S. Air Force Wright Labora- Tight test.

tory, and Boeing Commercial Airplane Group initi-

ated a cooperative flight test program on a Boeing 757  The flight test demonstrated that the HLFC con-
transport aircraft. cept was extremely effective in delaying boundary-
layer transition as far back as the rear spar around the
The Boeing 757 high Reynolds number HLFC design point. A sample test condition (fig. 50) shows
flight experiment was designed (1) to develop a data-that most of the hot films indicated laminar flow
base on the effectiveness of the HLFC concept appliecdbeyond 65 percent chord (Maddalon 1991, 1992;
to a large, subsonic commercial transport, (2) to evalu-Shifrin 1991; Collier 1993). In fact, the suction rates
ate real-world performance and reliability at flight required to achieve laminar flow to 65 percent chord
Reynolds numbers (including off-design conditions), were about one third of those predicted during the ini-
and (3) to develop and validate integrated and practi-tial design (Maddalon, 1991). The wake-rake mea-
cal high-lift, anti-ice, and HLFC systems. (See Collier surements indicated a local drag reduction on the order
1993)) of 29 percent with the HLFC system operational,
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which resulted in a projected 6-percent drag reduction  Reneaux and Blanchard (1992) suggested that the
for the aircraft (Maddalon 1991). However, because maximum allowable roughness in the leading-edge
only about one third of the design suction was requiredregion would be 0.2 mm and because of this criterion,
to achieve laminar flow, significant uncertainty in the research should focus on advancing manufacturing
design tools was a by-product of the flight test. This technology and insect-impact prevention. Addition-
uncertainty led to the HLFC wind tunnel experiment ally, because conventional slats cannot be used in lam-
discussed in section 6.13. inar flow wings, leading-edge Krueger flaps or using
suction to permit higher angles of attack should be
) explored for enhancing lift. Finally, the design of the
6.7. HLFC ONERA-CERT T2 Wind Tunnel perforated-suction system must focus attention on the
Test (1991) hole diameter and spacing, hole pattern and alignment,
and the thickness of the surface sheet. The suction
In 1989, the European Laminar Flow Investigation must be such that premat'ure transition is not inducgd,
and the pressure drop is such that no outflow is

(ELFIN) project was initiated and consisted of four bserved. The hol ina and size h 0 be small
primary elements that concentrated on the develop-0 sefved. The nole spacing and sizé have 10 be sma

ment of laminar flow technology for application to compared with the boundary-layer thickness; a hole

commercial transport aircraft. Three of these elementsd'amemr of 0.06 mm and spacing of 0.6 mm are typi-

are related to LFC. These elements were a transonigal examples of sizes studied.

wind tunnel evaluation of the HLFC concept on a

large-scale model, the development of a boundary- To establish criteria for the design of the perfo-

layer suction device, the development of new wind rated surface, three tests were carried out in the T2
tunnel and flight test techniques for LFC, and the tunnel. The experiments studied the critical suction
development of improved computational methods for velocities for isolated holes, the influence of hole

laminar-to-turbulent flow prediction capability (Birch alignment, and validation of the transition prediction
1992). method. For the experiments, four holes were placed

at 20 percent chord and five holes were placed at
. 40 percent chord of an airfoil model with hole diame-
Reneaux and Blanchard (1992) discussed thewgrs \which ranged from 0.1 mm to 0.8 mm. Infrared
design and testing of a HLFC airfoil model in the hermography and liquid crystals were used to detect
ONERA-CERT T2 cryogenic wind tunnel. The transi- he  gransition location. Critical velocities were
tion criterion of Arnal, Habiballah, and Coustols ghtained and correlated to a proposed curve-fit
(1984) was used for the wing design. First, the Airbus .iierion.
transport turbulent wing was modified to achieve the
best compromise between transonic performance and _ _
the HLFC wing. For the wing swept to 27.5uction Square and triangle hole pattern and alignment
was applied from the leading edge to 20 percent chordVere |nvest|gat¢d. The critical suctlon velocities were
and a favorable pressure gradient was maintained tda'9€r for the triangles; the explanation for the larger
60 percent chord on the upper surface and 55 percen‘feloc't'es was attr_lbuted tq the larger distance between
chord on the lower surface. For a Mach number of the holes in the triangle alignment.
0.82,C, =0.44, and a maximum chord Reynolds num-
ber of 42x 1P, the computed transition location Next, hole alignment was investigated by varying
ranged from 25 percent chord at the wing root to the hole alignment to free-stream flow from spanwise
55 percent chord at the wingtip for a mean suctionto streamwise alignment. With a test section from 17
velocity of 0.1 m/sec. With upper and lower surface to 34 percent chord, the results indicate that the critical
suction, the computed viscous drag of the HLFC wing suction velocities decreased with decreased hole
was 45 percent less than the turbulent wing and thespacing. The hole spacing seems to have no effect on
total drag was 10 percent less than the turbulent wingtransition when the distance between holes is 10 diam-
Applying suction to the upper surface alone led to aeters. The results also suggested that for hole align-
viscous drag reduction of 29 percent and a total dragment greater than 30the holes behave as though they
reduction of 6.3 percent. were in isolation.
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6.8. HLFC Nacelle Demonstration Flight Test The flight-test phase of the project extended over
(1992) a period of 16 flights totaling 50 flight hr. As shown in
figure 51, the HLFC concept was effective over the

_ _ ~ range of cruise altitude and Mach number and resulted

The encouraging results achieved on the Boeingin |aminar flow to as much as 43 percent of the nacelle
757 HLFC flight experiment and the potential for drag |ength (the design objective) independent of altitude
reduction on nacelles led General Electric Aircraft (Bhutiani et al. 1993, Collier 1993, Fernandez et al.
Engines (GEAE) to initiate a project with Rohr Indus- 1996). At this transition location, the static-pressure

tries, Inc., Allied Signal Aerospace, and NASA 10 gensors indicated the onset of the pressure recovery
explore the use of LFC on nacelles. The project wasyegion, which caused the laminar boundary layer to
directed toward the flight demonstration of the HLFC pecome turbulent. Without suction, significant laminar
concept applied to the external surface of large, turbo-jow was achieved on the LEC panel: the extent of

fan engine nacelles. Bhutiani et al. (1993) stated thatatyral” laminar flow increased with increasing alti-
the main objective of the project was to demonstratey,ge (perhaps due to passive suction).

the feasibility of laminar flow nacelles for wide-body

aircraft powered by modern high-bypass engines and i

to investigate the influence of aerodynamic character-6-9- NLF and LFC Nacelle Wind Tunnel Tests

istics and surface effects on the extent of laminar flow. (1991-1993)

The earlier studies conducted in the United States
suggested that significant performance benefits could
be realized through the use of NLF and/or LFC on
engine nacelles. Before 1991, no flight tests were con-
ducted by the Rolls-Royce Company to study LFC;
however, wind tunnel tests were conducted with a
two-dimensional model of a LFC nacelle. The wind
tunnel test demonstrated a region of substantial lami-

A production GEAE CF6-50C2 engine nacelle
installed on the starboard wing of an Airbus A300/B2
commercial transport testbed aircraft was modified to
incorporate two HLFC panels—one inboard and one
outboard—as shown in figure 51. The panels were
fabricated of a perforated composite material with suc-
tion from the highlight aft to the outer barrel-fan cowl
juncture. Suction was applied to the surface utilizing nar flow with sufficient suction. Due to unacceptable
circumferential flutes and was collected and ducted 10,5, (s of turbulence and noise in the tunnel. the exten-
a turbocompressor unit driven by engine bleed. I:Orsion of this effort was moved to a Iow—turbtjlence 9-ft
convenience, the turbocompressor unit was located irby 7-ft tunnel at the University of Manchester.
the storage bay of the aircraft. The flow through eaChMuIIender Bergin, and Poll (1991) discussed the plan
flute was individually metered. The laminar flow con- perforn; a serit’as of wind tunnel experiments and

tour extgnded ait over the fan cowl door and was,qq etica| studies with NLF and LFC nacelles. The
accomp!lshed through the use of a nonperf(?r"_"teo'theoretical studies were aimed at validating the LFC
composite structure blended back into the orlgma_l design tools (including transition prediction) for use in
n_acelle contour ahead of_the thrust reverser. N_o Provi-ystimization of nacelle designs.

sions were made for ice-accumulation or insect-

contamination avoidance systems. . . . L
Optimal nacelle designs pointed toward minimiz-

ing the length of the cowl to maximize internal perfor-
Static-pressure taps were mounted on the externamance and drag reduction benefits. For best high-
surface and in the flutes. A boundary-layer rake wasspeed performance, conventional nacelles have a peak
used to measure the state of the boundary layer. Hotpressure near the lip of the nacelle to distribute the
film gauges were used for boundary-layer transition largest pressure at the most forward face of the
detection. Surface embedded microphones were usedacelle; the flow was then decelerated over most of the
to measure noise. A charge patch was used to measureacelle. This pressure distribution produced turbulent
the atmospheric particle concentration. An infrared flow over most of the nacelle and a subsequent large
camera was used for detecting the boundary-layerskin friction. Because the circumferential curvature
transition location. Real-time monitoring and analysis of the nacelle was smaller than the boundary-layer
of the state of the boundary layer and suction systenthickness on the nacelle, a two-dimensional model
were accomplished onboard the aircraft. was used to mimic the nacelle flow. Hot-film,
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total-pressure, and static-pressure measurements of thiy (Schmitt, Reneaux, and Pries 1993). The model
boundary layer were made during the wind tunnel had a span of 4.7 m and a mean chord of 1.58 m. The
experiment. Using LFC suction, laminar flow was perforated leading edge was built into the midspan
observed on the nacelle model. By reducing the levelregion of the wing and had a span of about 0.95 m.
of suction, TS disturbances were measurable, and wittSuction was implemented to about 15 percent chord
no suction the flow was turbulent. Variations in tunnel on both the upper and lower surfaces. The titanium
speed indicated that the suction was relatively constanbuter skin was 0.9 mm thick and had holes which were
near the nose over the speed range; however, in thd0 pum in diameter and spaced 0.5 mm apart. As
mid nacelle region where the pressure gradient wasshown in figure 52, the leading edge consisted of
nearly flat, notable differences in suction were 38 suction flutes connected to 17 collection ducts. The
observed for variation in tunnel speed. The linear cal-suction flow rate through each collection duct was
culations suggested that an inviscid instability individually controlled and measured. The chordwise
(Rayleigh mode) developed and had greatest amplifi-transition location was measured with infrared ther-
cation at 1700 Hz for a tunnel speed of 36 m/secmography as a function of suction flow velocity for a
and increased to 3500 Hz for 60 m/sec. In given transonic test condition. Figure 52 shows the
two-dimensional viscous boundary-layer stability, the measured transition location as a function of suction
frequency of the dominant mode would decrease withvelocity. As suction was increased the transition front
increased distance downstream. Theoreti¢dhctor moved aft. Laminar flow was achieved to 50 percent
correlations achieved 6.6 at a tunnel speed of 36 m/sechord on the upper surface and to 30 percent chord
to 9.1 at 60 m/sec; this indicated that the TS distur-on the lower surface. Data gathered from the test
bances never evolved sufficient to cause transition.were used for suction system design criteria
Rather a separation bubble developed causingand calibration of the laminar flow prediction
transition. methodology.

6.10. VFW 614 HLFC Transonic Wind Tunnel 6.11. European NLF and HLFC Nacelle
Test (1992) Demonstrator Flight Tests (1992-1993)

In 1986, the German laminar flow technology pro- In 1992 and 1993, a cooperative program was con-
gram, supported by the German Ministry of Researchducted by DLR, Rolls Royce, and MTU with the goal
and Technology (BMFT), began wind tunnel and of investigating in flight the prospects of achieving
flight experiments for NLF and LFC (Redeker et al. extensive laminar flow on aircraft engine nacelles
1990). Kdrner (1990) noted that part of the program (Barry et al. 1994). The test vehicle chosen for the
involved determining (or discriminating) between project was the VFW 614 ATTAS aircraft which has
when NLF is preferred and when HLFC or LFC is a twin Rolls-Snecma M45H turbofans. The placement
more appropriate choice for a particular aircraft. Two of the nacelle on the aircraft is shown in figure 53. The
of the major milestones of this program involved NLF program had the usual goals of demonstrating drag
wind tunnel tests and flight research on a VFW 614 reduction with NLF and HLFC on a nacelle, verifying
and Fokker 100 research aircraft to gain a database athe design methodology, verifying manufacturing
TS-disturbance- and CF-disturbance-dominated tran-techniques, and validating the anti-insect transpiration
sition for code calibration. system.

The successful VFW 614 and Fokker 100 NLF For the NLF portion of the test program, two new
flight tests led to a transonic wind tunnel evaluation of composite nacelles were constructed by Hurel-Dubois
the HLFC concept, evaluation of wind tunnel test for the program. One nacelle consisted of baseline
techniques, and development of viable boundary-layerlines and the second nacelle consisted of a new set of
suction devices. In March and April of 1992, a aerodynamic lines, conducive to laminar flow. A third
1:2 scale model of one of a VFW 614 wing was built nacelle was designed for validation of the HLFC con-
with leading-edge suction and tested in the ONERA cept, which included a liquid transpiration insect con-
S1MA transonic tunnel—the first LFC test in the facil- tamination avoidance system. (See Humphreys 1992.)
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Instrumentation to measure the pressure, temperature, The second phase of the program involved the
and transition location is illustrated on the test sectiontesting of the A320 vertical fin with leading-edge suc-
in figure 53. The flight test portion of the program tion in the ONERA S1MA facility. The 1/2-scale
consisted of about 93 hr which clearly demonstratedmodel in the tunnel is shown in figure 57. The objec-
that laminar boundary-layer flow was achievable over tives of the wind tunnel experiment were to simulate
60 percent of the nacelle length in the installed envi-flight Reynolds numbers on the model, calibrate the
ronment over a large range of flight conditions for transition prediction tools, and establish LFC suction
both laminar flow concepts tested. For the NLF con- design criteria. Finally, Anon. (1995b) reported that
cept, figure 54 shows the design and measured preshe A320 HLFC fin flight test program was scheduled
sures at two radial locations. Very good agreementto be completed by 1996. (Prior to the publication of
between the computed and observed pressures is reahe present report, no flight test data were available.)
ized atp = 3C°; however, significant disagreement was The development of the A3XX program at Airbus has
found atg = 140 near the pylon. This disagreement allowed for the success of the A320 LFC fin program
can be attributed to the computations not including theby requiring the power plants of the A3XX to be posi-
pylon in the design. Noise and vibration had little or tioned closer to the wing and for suction LFC nacelles
no effect on the ability to achieve laminar flow for (Birch 1996).

this design. The liquid transpiration-styled insect
contamination avoidance system was operated sucg

cessfully during the course of the flight testing. -13. Langley 8-Foot Transonic Pressure

Tunnel HLFC Wind Tunnel Test (1993—-1995)

6.12. A320 Laminar Fin Wind Tunnel and Although the Boeing 757 HLFC flight test experi-
Flight Test Program (1993-1998) ment demonstrated significant runs of laminar flow
using leading-edge suction, sufficient uncertainty in
the design tools made the technology an unacceptable
Figure 55 shows an illustration of a 1987 plan by risk for the commercial market. To provide a better
Airbus Industries in close collaboration with ONERA understanding of the Comp|ex physics of flow over a
and DLR to enable LFC Capablllty for subsonic trans- Swept_wing geometry1 to provide a calibration data-
port aircraft. The program consisted of theoretical hase for the LFC design tools, and to better understand
analysis, a large wind tunnel evaluation, and a flight the issues of suction-system design, a joint NASA/
test program of the vertical fin of the A320 aircraft Boeing HLFC wind tunnel experiment was conducted

(ultimately geared toward the application of laminar jn the Langley 8-Foot Transonic Pressure Tunnel
flow to wing and tail surfaces of a future advanced air- (phillips 1996).

craft). The vertical fin of the A320 aircraft was chosen
as the candidate to test the feasibility of HLFC

A t-wi del with a 7-ft d 10-ft
because of the availability of an aircraft for flight test- SWepL-wing rmodel with a span an

: : . ) - ) chord was installed in the tunnel in January 1995 and
|ng,_3|mple installation, no o_Ie-lcmg gygtem,_attamment tests were conducted throughout the year. Tunnel lin-
of flight Reynolds number in an existing wind tunnel ers were installed to simulate an infinite swept wing.

(ONbERA SlM'_A‘ at dMIS dane), and rrgjinirﬂi_kz)ed cost Over 3000 infrared images and 6000 velocity profiles
'(I'Rr)\(')b ert R1992a, Re Sgr’h Qualsébgn Thibert 1992’(hot-wire data) were obtained during the test, and the
loert, Reneaux, and Schmitt )- data were made available to the team of researchers in

real time via encrypted World Wide Web communica-

Shown in figure 56, boundary-layer stability tions (Phillips 1996).

results indicated that laminar flow is expected to

approximately 40 percent chord for the baseline A320  As stated by Johnson (1996), an assessment of the
fin and to about 50 percent chord for the HLFC A320 LFC design criteria was made to help guide future
fin (using a reasonable amount of suction). A benefitdesigns. The influence of hole size and spacing and
study with the projected amount of laminar flow indi- suction level and distribution on the transition location
cates that an aircraft drag reduction of 1.0 to 1.5 per-was recorded and correlated with the design tools.
cent is possible by laminarizing the vertical fin. Laminar flow was easily obtained back to the pressure
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minimum with sufficient suction levels. Detailed sur- flow to higher chord Reynolds numbers. As discussed
face roughness and suction level measurements arby Gottschalk (1996), such a concept proposed by
underway to characterize the leading-edge panels.  Northrop Grumman Corporation would have a
sharp supersonic leading edge and result in a thin
Detailed results are not available in the literature attachment-line boundary layer and a very small
for inclusion in this publication. momentum-thickness Reynolds number. Such a flow
should be stable and have a laminar attachment line.
Crossflow disturbances could be avoided with the low
wing sweep and, with appropriate wing shaping, a par-
. ~ tially NLF wing could be achieved. LFC would be
In 1986, NASA and the U.S. airframe and engine required on the rooftop of the wing to extend the
manufacturers determined that the long-range travelregiOn of laminar flow to higher Reynolds numbers.
market was conducive to a supersonic airliner (high'Concerning the use of thermal LFC, Dunn and Lin
speed civil transport, HSCT); however, significant (1953) have shown in the early 1950s that cooling can
technological advances were required. The advancege ysed to suppress disturbances. As shown by Boeing
would require an aircraft to fly slightly faster than the (Parikh and Nagel 1990), cooling has a large impact
speed of the Concord but with nearly twice the rangegn TS disturbances and only a subtle influence on
and three times the number of passengers at an affordsg disturbances; hence, cooling would not be useful
able ticket price while not damaging the environment. i the leading-edge region of swept wings for CF
stabilization.

6.14. High-Speed Civil Transport (1986)

As shown by Kirchner (1987), laminar flow could

lead to significant benefits for a supersonic transport. In contrast to the low-sweep supersonic laminar
When considering the application of NLF and LFC fow concept proposed by Northrop Grumman, the
technologies to the supersonic flow regime, the highhjighly swept wing would have a subsonic leading
cost and limited availability of flight test aircraft edge, a blunt nose, and higher momentum-thickness
inhibits the advancement of these technologies. Mili- Reynolds number. As Wagner et al. (1990) noted, the
tary jet fighter aircraft, the Concord, and the Tupelov tyrbulent baseline HSCT configurations by The
Tu-144 Curl‘ently ﬂy at Supersonic Mach numbers and Boeing Company and McDonnell Douglas Corpora_
are potentially viable candidates to serve the LFCtion were making use of the second approach. With
research community; however, the design and manuthis high-sweep wing, the issue of turbulent
facturing of most of these aircraft were devoid of the attachment-line contamination must be addressed and
future potential use for LFC missions and potentially syction LFC would be required to control the
have unacceptable surface waviness, roughness, andr-dominated transition process in the leading-edge
aircraft-specific obstacles. Wagner et al. (1990) pre-region of the wing. For long chords typical of the
sented the status of supersonic LFC through the 198034SCT configurations, an additional strip of suction (or
thermal) LFC would be required on the wing to delay
In spite of these limitations, technology can be the TS-dominated transition process.
advanced by making use of these aircraft when they
are made available. Toward the goal of advancing  williams (1995) noted that a proposed HSCT car-
NLF supersonic technology, flight experiments were rying 305 passengers and flying 5000 n.mi. with 1990
commenced in the United States toward gaining atechnology would weigh almost 1.25 million Ib at
better understanding of the viscous flow physics. A takeoff and would not meet the current noise require-
summary of the NLF results for supersonic aircraft arements. A technology development program would
presented in appendix B. need to reduce the weight by almost 50 percent to
make the HSCT feasible. Toward overcoming the
Two fundamental approaches were posed for thetechnical obstacles, NASA commenced Phase | of a
supersonic laminar flow wing. The first approach was High-Speed Research (HSR) Program in partnership
a low-sweep wing which involved the design of a NLF with U.S. industry. Phase | focused on developing reli-
leading-edge region and low-suction (or thermal) able methods to predict engine-emission effects on the
LFC on a section on the wing to extend the laminar ozone, noise reduction technologies, and the potential
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advantages of supersonic laminar flow control blowdown facility supplied with dry high-pressure air
(SLFC). which exhausts into large vacuum spheres to provide
run times on the order of 30 min. The nozzle throat is

Feasibility studies by Boeing Aircraft Company highly polished to maximize the extent of laminar
(Parikh and Nagel 1990) and McDonnell Douglas flow on the nozzle walls. Upstream of the sonic throat,
Aircraft Company (Powell, Agrawal, and Lacey 1989) suction was used to remove the turbulent boundary
were funded to determine the benefits of supersoniclayer that exists on the wall. The fresh laminar bound-
laminar flow control applied to the HSCT configura- ary layer evolved through the contoured nozzle until
tion. Reductions in gross takeoff weight, mission fuel the boundary layer undergoes transition to turbulence.
burn, structural temperatures, emissions, and sonicl he location of this transition point governs the length
boom were predicted by incorporating SLFC technol- of the low-disturbance test-section rhombus and is

ogy on a HSCT configuration (see section 2). directly influenced by the unit Reynolds number of the
flow. As the unit Reynolds number increases, the size

Because of the favorable results achieved with©f the quiet test-section rhombus decreases; however,
othe Reynolds number based on the length of the quiet

Phase | of the program, HSR Phase Il was initiated t :
perform additional research toward advancing the_teSt core increases. The tunnel was capable of operat-

state of technology to make the HSCT economically "9 in conventional noisy mode or in quiet (low-
viable. As part of Phase I, the low-disturbance wind disturbance) mode.
tunnels at Langley and Ames Research Centers and
the F-16XL aircraft at Dryden Flight Research Center  In the SLDT, measured transition Reynolds num-
were used to advance the state of the art in supersonibers were shown to be comparable with transition
laminar flow control. An overview of the understand- observed in flight. Creel, Malik, and Beckwith (1987)
ing of SLFC up to 1987 was provided by Bushnell and and Creel, Beckwith, and Chen (1987) used the quiet
Malik (1987). tunnel to study boundary-layer instabilities on a lead-
ing edge of a swept cylinder. The results suggested
that transition was affected by wind tunnel noise only
when large roughness was present on the model, the
local roughness Reynolds number correlated with the
transition location for a wide range of Mach numbers,
Conventional supersonic and hypersonic wind and linear stability theory showed good agreement for
tunnels are dominated by acoustic disturbances radi'[he experimenta| crossflow vortex Wave|ength of the
ated from the turbulent boundary layers on the tunnelgominant mode. Morrisette and Creel (1987) studied
walls. The emanation of these disturbances follow the effect of surface roughness and waviness on transi-
Mach lines. To study laminar flows (i.e., transition, tion in the SLDT. Controlled roughness and waviness
boundary-layer instability, and LFC), the test section were imposed in the supersonic flow and compared
in the tunnel must be clean (defined as free-streamyith subsonic correlations. Eight 15-in. long arfd 5
pressure fluctuations below 0.1 percent). This SeCtionha|f-ang|e wavy cones were tested, where the wave-
focuses on the research primarily supported by thejength of the cones correspond to the most amplified
HSR project and conducted in the Langley SupersonicTs disturbance for the smooth cone. A fixed surface
Low-Disturbance Tunnel (SLDT) and the Ames pitot tube was used to measure transition as a function
Laminar-Flow Supersonic Wind Tunnel (LFSWT). of total tunnel pressure. Results with wall waviness
For more details about quiet tunnels, refer to theindicated that the tunnel running with a noisy environ-
review of quiet tunnel technology by Wilkinson et al. ment led to lower transition Reynolds numbers com-
(1992). pared with the results in the quiet environment. Also,
the results suggested that the transition location was a
Beckwith, Chen, and Malik (1987, 1988) pre- function of aspect ratio (wave height over wave-
sented a method to maintain a test section free fromength). The quiet tunnel results for roughness
acoustic disturbances which culminated in the Machmatched with the correlation by Van Driest and
number 3.5 Supersonic Low-Disturbance Tunnel McCauley (1960) for three-dimensional roughness on
(SLDT) at Langley Research Center. The tunnel is acones. Morrisette and Creel (1987) concluded that

6.15. Supersonic LFC Quiet-Tunnel Tests
(1987-1996)
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waviness had less effect on transition than a single tripraphy was used to assess the state of the boundary
of comparable height, and the effect of noise on criti- layer on the cylinder for variations in free-stream con-
cal and effective roughness Reynolds numbersditions. Observations indicate that the boundary layer
appeared small. remained laminar up to and including the largest
attachment-line Reynolds number of 760. Using trip
wires to control the state of the boundary layer, the
results suggested that the free-stream disturbance
environment impacted the transition location; this con-
firmed that designs based on conventional noisy tun-
nels were too conservative.

In support of the F-16XL SLFC flight experiment,
models were developed for the Langley quiet tunnel to
calibrate the design tools for NLF and LFC and to
study attachment-line transition. lyer and Spall (1991)
and lyer, Spall, and Dagenhart (1992) performed lin-
ear stability theory calculations using CFL3D for the
mean flow and COSAL for bounda_ry-layer stability g 16. F-16XL Supersonic LFC Flight Tests
for the F-16XL leading-edge section model. The (1989-1996)
15-in. model had a leading-edge sweep of 7With a
normal Mach number of 0.78. Traveling CF distur-
bances were found to have the largest amplification;  Supersonic LFC flight tests were conducted by a
however, distributed suction was shown to stabilize NASA and U.S. industry team to demonstrate the fea-
the flow so thatN = 10 was not exceeded over the sibility of laminar flow in supersonic flight. Two
entire model. In addition, cooling was shown to be F-16XL aircraft (XL has delta wings) are on loan to
stabilizing for the flow. Cattafesta et al. (1994, 1995) NASA from the U.S. Air Force to serve as testbeds.
and Cattafesta and Moore (1995, 1996) discussed tem¥fhe F-16XL wings have inboard sweep of® 7hd
perature sensitive paint (TSP) transition measuremenputboard sweep of 8psimilar to the proposed HSCT
and the transition locations for the solid model. Shownwing configuration. NASA and Rockwell Interna-
in figure 58, the calculated-factors correlated well tional Corporation carried out the flight tests with the
for N = 14 over a range of free-stream unit Reynolds F-16XL Ship 1; NASA, Rockwell, Boeing, and
numbers and angle of attacks for the solid model. TheMcDonnell Douglas carried out the flight tests for
results suggested that traveling crossflow disturbance$=-16XL Ship 2.
probably dominated the transition process. A SLFC
porous-suction model was developed and tested but

the results are not available for this publication. In 1990, flight testing began using a suction glove

on the F-16XL Ship 1 (shown in fig. 59(a)). A
Rockwell-designed perforated-suction glove was fab-
At the Ames Research Center, a Mach 1.6 quietricated and installed on an existing wing of Ship 1 as
tunnel was constructed to minimize the free-streamsketched in figure 59(b). Because of the geometrical
disturbances. This was accomplished by using a low-constraints of implementing a glove on Ship 1 (glove
disturbance settling chamber to produce steady superheight of less than 2 in. above the existing wing sur-
sonic diffuser flow and low structural vibration and face and 10 in. in front of the leading edge), active
included smooth (polished) walls to produce laminar suction was limited to the first 25 percent chord and
boundary layers on the nozzle and test section. Wolf,attachment-line instabilities were the primary focus of
Laub, and King (1994) presented results for flow qual- the LFC experiment. Woan, Gingrich, and George
ity and tunnel transition aspects of this continuous (1991), Anderson and Bohn-Meyer (1992), and Norris
operation facility. Supporting the F-16XL SLFC flight (1994) noted that the perforated-suction glove on
experiment, a section of the passive glove was used t&hip 1 was designed for a Mach number of 1.6, alti-
study the leading edge of the wing. A comparison of tude of 44000 ft, angle of attack of,2nomentum-
the surface pressure distributions measured in the tunthickness Reynolds number on the attachment line of
nel compared well with CFD predictions at an angle of less than 114, and a unit Reynolds number per foot of
attack of 0; however, the agreement was rather poor 2.53x 10°. No laminar flow was achieved at the
for flight test measurements. More recent attachment-design point; however, laminar flow was observed at
line transition experiments on a swept cylinder were off-design conditions. Figure 60 shows the amount of
reported by Coleman et al. (1996) and Coleman, Poll,laminar flow with and without suction for a given
and Lin (1997) in the Ames tunnel. Schlieren photog- flight test condition; hot-film data indicated laminar
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flow to the outboard portion of the glove (Anderson flight tests was to obtain surface pressure data to
and Bohn-Meyer 1992). calibrate the Euler design codes, particularly in the
leading-edge attachment-line region. Preventing the

Woan, Gingrich, and George (1991) reported on fuselage turbulent boundary layer from contaminating
the design, analysis, and validation of a coupledthe attachment-line region of the wing was a second
Navier-Stokes and compressible linear stability theory Major technical issue which was addressed in the first
approach for supersonic LFC design. Validation was phase of flight tests. The third technical area of inter-
obtained by using the methodology to design the suc-est involved characterizing the acoustic disturbance
tion LFC glove for the F-16XL Ship 1 and then by field and disturbances which could come from the
making a comparison with flight-measured results. A fusélage turbulent boundary layer. The pressure
technology goal of the methodology was to obtain a@nd laminar flow extent data provided valuable
design which minimizes suction requirements and attachment—llne_ region information for the design of
simultaneously defines a pressure which is conducivetN€ Ship 2 suction glove.
to stabilizing the boundary layer. Overall, the CFD

results were in reasonably good agreement with the  The perforated-suction glove for Ship 2 was
Ship 1 database. Mean-flow results from the Navier-designed in a collaborative effort between Boeing,
Stokes codes were used with the COSAL boundary-McDonnell Douglas, Rockwell, and NASA. A photo-
layer stability code for correlations with the available graph of Ship 2 and a sketch of the LFC test article are
transition Ship 1 data. Stability calculations (for an shown in figure 61. Because of the asymmetry of
N-factor of 10) indicated that transition would occur at Ship 2 with the suction glove, stability and control of
1.5 in. from the leading edge without suction; shown the Ship 2 configuration was tested for safety assur-
in figure 60, laminar flow was restricted to very near ance in a wind tunnel. For the flight article, the
the leading edge in the flight test with no suction. The perforated-suction SLFC glove was constructed of
computations showed three distinct shocks whichinner and outer titanium skin and aluminum stringers.
must be tracked for laminar flow management. TheseSyction was obtained by using a modified Boeing 707
shocks emanated from the nose, the canopy, and th@irbocompressor. Norris (1994) noted that suction was
engine inlet (underneath the aircraft). applied through some 10 million holes and
20 individual suction regions on the glove surface.
Flores et al. (1991) used thin-layer Reynolds aver-Wagner et al. (1990) and Fischer and Vemuru (1991)
aged Navier-Stokes equations to study the sensitivitynoted that the F-16XL Ship 2 SLFC flight experiment
of the attachment line and crossflow velocity profiles had objectives of achieving laminar flow over 50 to
to changes in angle of attack for Ship 1. The results60 percent chord on a highly swept wing, of delivering
showed that as angle of attack increased (1) thevalidated CFD codes and design methodology, and of
boundary-layer thickness and streamwise velocity pro-establishing initial suction system design criteria for
files had no significant changes, (2) the attachmentLFC at supersonic speeds. The suction glove was
line moved from the upper surface to the lower sur-installed on Ship 2 and the first flight was conducted
face, and (3) the crossflow velocity component at aOctober 13, 1995. The first supersonic flight took
fixed location on the upper surface of the wing place on November 22, 1995. The first suction-on
decreased. This information is important for determin- supersonic flight test was accomplished January 24,
ing the optimal amount of suction required for a given 1996.
position on the wing to obtain laminar flow.

Similar to Ship 1, Ship 2 had aircraft-specific
In the 1991-1992 time-frame, flight measure- shock and expansion waves which influenced the flow
ments were obtained for the flow on the F-16XL on the wings. Although canopy and engine inlet
Ship 2 leading-edge passive glove. The passive gloveshocks spreading out over the wings and expansion
had a 4.5-m span and 10-percent-chord section madevaves from beneath the wing caused a highly

of foam and fiberglass and was designed by three-dimensional flow field and difficulties in obtain-
McDonnell Douglas Corporation and built by NASA ing laminar flow on the attachment-line region at the
Dryden Flight Research Center. The goal of the firstsame test conditions, significant progress toward
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accomplishing the goals was achieved. In spite of Reynolds number, wind tunnel test techniques for
these test aircraft-dependent obstacles, Smith (1996HLFC configuration development; the demonstration
noted that the supersonic laminar flow control flight of acceptable reliability, maintainability, and opera-
experiment achieved about 70 to 80 percent of the ini-tional characteristics for a HLFC configuration; and

tial goals. the ability to predict and guarantee benefits to the air-
line customers. In 1991, a Senior Vice President of an
7. Concluding Remarks airframe systems manufacturer stated that before lami-

nar flow control could be used on commercial aircraft,
the long-term technical and economic viability of the
technology must be demonstrated. Although many of
these issues have been addressed subsequent to this
statement, the future of subsonic and transonic LFC
technology must reside in a large-scale demonstrator
to study the long-term reliability of the performance
and flight-safety operations, in refined design tool

This publication has reviewed some of the early
foundational studies and more recent U.S. and
European projects which had goals of solving techni-
cal obstacles associated with the application of lami-
nar flow control to advanced transport aircraft. The
technology has the potential to offer breakthrough

improvements in aircraft efficiency by leading to sig- . .
nificant reductions in aircraft fuel consumption, development, apd in the longer term understandl_ng of
the effects of wind tunnel flow quality on the laminar

extending range or increased payload, reductions i . . .
9 g pay r'ﬂow (LF) extent. An alternative future resides in the

emissions and noise, and increasing cruise lift anddemonstration of innovative LEC control svstems
drag, and reducing maximum gross takeoff weight. ; . ) ystems.
Perhaps, advances in micro-machine, synthetic-jet,

Much progress has been accomplished toward the goal

of commercial incorporation of laminar flow control smart_—tmglte_rlal technoltzgl_es f\?."” lead t(l)' lc))_rlq:ers %f
(LFC) (and natural laminar flow (NLF)) on wings, magnitude improvements in etliciency, reliabiiity, an

tails, and engine nacelles. However, because th cost-effectiveness of these future LFC systems, and

application of the technology leads to additional sys-el;‘l:?gem” be an integral part of this revolutionary new

tems and some uncertainty in the maintenance require-
ments and long-term structural integrity due to the
system, questions still remain which must be resolved In the supersonic vehicle class, the 1990s brought
relative to long-term operational and reliability char- the first flight demonstration of LF achieved by super-
acteristics of current hybrid laminar flow control sonic laminar flow control (SLFC) through the success
(HLFC) concepts before the aircraft industry can guar-of a NASA-industry team. In 1990, a General Man-
antee the sustained performance of the LFC vehicle tager of a major airline company stated in a talk on the
their airline customers. high-speed market in the next three decades that,
although the subsonic fleet will play the role of serv-

The 1980s and 1990s brought the successful deming the low-yield mass traffic markets, the supersonic
onstration of a LFC aircraft (Jetstar and Falcon 50 transport will be a big part of the intercontinental fleet
LFC flight tests) in airline operations and with insect- of the future. Looking at historical data, the long-range
prevention systems, the achievement of laminar flowaircraft entering the market and replacing an existing
at high Reynolds numbers (Boeing 757 HLFC flight aircraft has never been smaller than the aircraft being
test), the achievement of laminar flow on a HLFC replaced. Based on these data, the smallest interconti-
engine nacelle (A300/GE and VFW 614 nacelle flight nental supersonic transport (SST) will have a capacity
tests), and various LFC wind tunnel tests (Langley of no less than 300 seats (at moderately higher—
8-Foot Transonic Pressure Tunnel and ONERA S1MA 20 percent—cost than the subsonic cost). The benefits
LFC tests). However, from the airframe company per- of LFC increase with the size of the aircraft. If this
spective, some technology issues exist which requiresubsonic trend of larger aircraft entering the market
attention prior to the acceptance of LFC. These issuegontinues, the LFC technology could be an even more
include the resolution of potential performance penal- significant competitive advantage to a next generation
ties versus projected HLFC benefits (leading-edgeairplane. Environmental issues, materials, systems,
Krueger versus conventional leading-edge slat sys-engines, and supersonic laminar flow control are some
tem); the development of HLFC compatible ice- of the research which ought to be pursued for the
protection systems; the development of viable highdevelopment of a supersonic transport.
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The reduced priority of LFC resides not with any of reduced noise and emissions (and heat stress on
unfeasibility of the technology but rather with the supersonic aircraft) remain attractive achievements
promise of benefits being intimately tied to the aircraft with LFC.
fuel prices. As the cost of fuel decreases in real dollar
value, the benefits and hence future prospects of LFC
decrease to obscurity; conversely, as fuel pricenasa Langley Research Center
increases, the benefits of LFC increase. Even if alter-qampton, VA 23681-2199
nate fuels are introduced into the equation, the benefitgune 18, 1998
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Appendix A control behavior relative to FAR Part 23 and (2) climb
performance decreased 10 percent, which was consis-
. . tent with the increased drag associated with a tripped
Subsonic Natural Laminar Flow boundary-layer flow.

Research

. _ L A.2. Bellanca Skyrocket Il
In this appendix, a bibliography of NLF research
results is briefly given. Additional reviews of laminar Holmes et al. (1983) reported on a flight investiga-
flow flight testing are given by Wagner et al. (1988, 0 ¢ NLE on a high-performance, single-propeller,
1989) and Hefner (1992). Holmes and Obara (1992)composite aircraft. The primary goals of the flight test
and HOImeS’ Obara, and Yip (1984) review and f,ocuswere (1) to address the achievability of NLF on a mod-
on NLF flight research, Somers (1992) and Pfennlngerern composite production-quality surface and (2) to

and Vemuru (1992) discuss laminar flow airfoils. address some of the NLF-related maintainability
issues (e.g., insect contamination). The flight envelope
A.1l. Cessna T210R (Late 1980s) enables unit Reynolds numbers up to £.9¢° and
chord Reynolds numbers of ¥21(P. Without modifi-
Research was performed to design NLF airfoils cation of contours or waviness, the flight test results
and implement these airfoils in full-scale wind tunnel indicated that laminar flow on the wings and empen-
and flight tests. For example, a Cessna T210Rnage was responsible for the previously measured
research aircraft was used in the late 1980s to validatdower-than-expected zero-lift drag coefficient. No pre-
the use of NLF for aerodynamic performance gains.mature transition was observed due to waviness, con-
This research airplane had a NLF wing and horizontaltour discrepancies, or surface dents. Significant
stabilizer and a smoothed vertical stabilizer. The air-regions of laminar flow were realized in the slipstream
foil was designed to achieve 70 percent NLF on bothregion. Insect-debris contamination in flight indicated
upper and lower surfaces; this resulted in low drag at e&hat 25 percent of the insects caused transition. The
cruise Reynolds number of ¥0L0°. Murri and Jordon ~ fact that transition was realized downstream of the
(1987) and Befus et al. (1987) performed full-scale minimum pressure suggests that acoustic, surface, or
wind tunnel and flight tests of this aircraft. Under a turbulence disturbances are not responsible for transi-
joint research program, NASA, Cessna, and the Feddtion; rather, the amplification of TS disturbances or
eral Aviation Administration (FAA) addressed the laminar separation in an adverse pressure gradient
flight testing of a NLF aircraft to simulate FAR Part 3 dominates the transition process. NLF was achieved
certification. Related to certification, Manuel and on approximately 40 percent of the wing and 50 to
Doty (1990) describe the impact of the loss of laminar 70 percent of the propeller. In a comparison of the
flow on the Cessna T210R and make quantitativewaviness of the Bellanca Skyrocket Il production
comparisons of the ability of the aircraft to meet certi- quality with the filled and sanded wing test section of
fication under these conditions. Three test conditionsthe King Cobra (see Smith and Higton 1945), it is

were explored: clear that the production quality of more modern sur-
faces has less variation, sufficient for NLF and LFC
1. Natural transition on all surfaces technologies. N-factor calculations showed that a

3000-Hz TS wave correlated with the transition loca-

2. Fixed transition at 5 percent chord on the upperfion forN="17.
and lower surfaces of the wing, horizontal sta-
bilizer, and both sides of the vertical stabilizer A.3. Gulfstream GA-7 Cougar

3. Fixed transition at 5 percent chord on the upper  Howard, Miley, and Holmes (1985) studied the
and lower surfaces of the left wing and the effects of the propeller slipstream on the laminar wing
remaining surfaces with natural transition boundary layer. Hot-film measurements in flight and a

wind tunnel show that the state of the boundary layer
The conclusions were (1) the loss of NLF did not at any given point on the wing alternates between lam-
cause the aircraft to exhibit unacceptable stability andinar and turbulent flow because of the periodic
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external flow disturbances generated in the viscousattached to both wings. The primary goal of the study
wake of the propeller blade. Analytic studies reveal was to demonstrate laminar flow at higher Reynolds
that the cyclic laminar and turbulent drag of the wing numbers for swept wings. The glove geometry con-
is lower than a fully turbulent wing. Hence, the NLF sisted of a supercritical NLF airfoil designed by
design yields drag-penalty reductions in the slipstreamBoeing and NASA to investigate NLF at transonic
region of the wing and in regions not affected by the speeds. For the design lift coefficient of 0.5 at a Mach

slipstream. number of 0.77 and a Reynolds number of<25F,
the airfoil had a favorable pressure gradient to about
A.4. Cessna Citation Il 70 percent chord on the upper surface (crossflow dis-

turbances were not considered in the design). The
Wentz, Ahmed, and Nyenhuis (1984, 1985) dis- glove was installed on the wing to achieve the desired

cussed the results of a Langley Research CenterPressure distribution at 10wing sweep. The flight
Wichita State University, Cessna Aircraft Co., and results showed that laminar flow was obtained to

Boeing Commercial Airplane Company joint research 56 percent chord on the upper s_urface°a$\/9eep, 1o
program on NLF. The study used a business jet air-21 Percent chord at 25weep, with chord Reynolds
craft with the following objectives: numbers from 2% 1P to 28x 1(P, respectively. The

maximum run of laminar flow on the lower surface
was 51 percent wing chord at®i8ing sweep to 6 per-
cent chord at 2Z5sweep (sideslip). The overall results
from the F-111 TACT NLF flight experiment showed
laminar flow but not as much as expected. Besides not
accounting for potential crossflow-induced transition,
the F-111 had a limited spanwise extent of test section
and had a crude method for determining the transition
location.

1. To determine the transition location at various
Mach numbers and Reynolds numbers

2. To determine the effects of wing sweep on
transition

3. To determine impact of engine acoustics on
transition

4. To check the validity of boundary-layer stabil- A.6. NASA NLF(1)-0414F Airfoil Experiment
ity tools

In addition to flight tests, NLF wing design studies
Sublimating chemicals and hot-film anemometry are were conducted in the 1980s. For example, McGee et
used to detect transition. The test section on the winggl. (1984) reported the results of testing a NLF wing
was covered with fiberglass and filled and smoothed (NASA NLF(1)-0414F airfoil) in the Langley Low-
to minimize roughness-related effects caused byTurbulence Pressure Tunnel (LTPT). The airfoil was
joints, rivets, and screw heads. Plaster splashes of thdesigned (Viken 1983) to achieve 70-percent-chord
upper and lower wing surfaces were made to measuréaminar flow on both upper and lower surfaces at the
waviness. The measured waviness was well below thelesign Reynolds number of 101 and Mach num-
maximum allowable for a single wave. (See Kosin ber of less than 0.40. In the wind tunnel experiment,
1967.) Transition was realized to about 15 percentlaminar flow was observed to 70 percent chord on
chord for 20 wing sweep and to about 5 percent chord both surfaces at design conditions.
for 30° wing sweep. The amplification of TS distur-
bances is proposed to be the cause for transitionn 7 F-14
because transition was realized in the region of

adverse pressure _gradient. _The impac_t of engine noise Following the achievement of laminar flow on the
on transition was inconclusive. The flight test results F-111, the F-14 Variable Sweep Transition Flight

were not compared with theory. Experiment (VSTFE) was initiated by NASA and
Boeing Commercial Airplane Company (Anderson,
A.5. F-111 Meyer, and Chiles 1988). Unlike the F-111 glove

(which was not designed to minimize CF disturbance
A F-111 Transonic Aircraft Technology (TACT) growth), the F-14 gloves were designed to optimize
airplane was tested with partial span NLF gloves between TS- and CF-disturbance growth. The F-14
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test used nearly all the span of the variable-sweep pordetermine the potential influence of sound on the
tion and hot films to detect transition onset in the potentially unstable flows. Essentially, a less stable
boundary layer. Testing of the smooth clean-up gloveflow would be expected simply by thickening the
ended in 1986 and testing with the Mach number 0.7nacelle lip. Obara and Dodbele (1987) reported the
NLF glove ended in 1987. Test variations included aerodynamic performance results realized during the
wing sweep, Reynolds number, Mach number, andflight experiment and Schoenster and Jones (1987)
pressure gradients. Discussed by Meyer, Trujillo, andreported the effect of the acoustic sources. For a flight
Bartlett (1987), the results from the F-14 VSTFE test at altitude of 1300 ft, Mach number of 0.25, and
showed maximum transition Reynolds numbers of unit Reynolds number per foot of 18P, subliming
17.6 x 10 for 1% wing sweep, 13.5x 10° for chemicals indicated laminar flow to 50 percent of the
20° sweep, 12x 1P for 25° sweep, and % 1P for nacelle length, with transition occurring at the
3° sweep. Overall, théN-factor correlations gave a forebody-aftbody joint. At the same flight conditions,
much broader distribution ¢f(CF) versud\(TS) for the noise sources had no noticeable impact on the tran-
the F-14 flight test compared with the F-111. Hence, sition locations. Away from the pylon, the measured
either theN(CF)-N(TS) graph does not collapse the pressure distributions were shown to be in good agree-
transition points and correlations to a usable designment with the design pressure back to the pressure
tool or a more careful review and discrimination of the peak.

usable flight test points must be made to reduce the

uncertainty and scatter in the results. A.9. Boeing 757 NFL Flight Test

A.8. NLF Nacelle Flight Experiment The question of whether laminar flow could be

maintained on a commercial transport with high-
About the same time, a NLF nacelle flight experi- bypass-ratio wing-mounted turbofan engines led to
ment was conducted through a teaming effort led byanother NASA-funded flight experiment. The Boeing
General Electric Aircraft Engines. The experiment Company used its Boeing 757 flight research aircraft
was pursued because the friction drag associated withvith a part of one wing modified to reduce sweep and
modern turbofan nacelles may be as large as 4 tmbtain more NLF and to obtain extensive noise field
5 percent of the total aircraft drag for a typical com- measurements on a commercial transport (Runyan
mercial transport and because potential specific fuelet al. 1987). Primary goals of the experiment included
consumption (SFC) reductions on the order of 1 tothe determination of the influence of noise on the lam-
1.5 percent may be achieved for laminar boundary-inar boundary-layer flow. A 21 swept-wing glove
layer flows on advanced nacelles. The first phase ofwas mounted outboard of the engine on the right wing.
the flight experiment involved flying a NLF fairing on The noise level was measured with microphones, sur-
the nacelle of a Citation aircraft to develop test tech-face pressures were measured with strip-a-tube belts,
niques and to establish the feasibility of the concept.and transition locations with hot films as a function of
Hastings et al. (1986) reported the results of the firstengine power and flight condition. A large database
phase which achieved laminar flow to 37 percent of was obtained during the course of the flight test exper-
the fairing length. The analysis showed that theiment. The results suggest that the noise levels on the
Granville (1953) criterion predicted the observed tran- lower surface have engine power dependence; how-
sition location for two of the four locations and that ever, the upper surface did not show engine power
the pressure on the fairing induced a neutrally stabledependence but did show Mach number dependence.
flow; this indicated that the flow was sensitive to At the design point, laminar flow was observed to
external effects. The second phase of the flight test28 percent chord on the upper surface of the glove and
experiment involved flying a full-scale flow-through to 18 percent chord on the lower surface. At the out-
NLF nacelle (of various geometries) under the wing of board portion of the glove, transition occurred at about
a Grumman OV-1 Mohawk aircraft (Hastings 1987; 5 percent chord where the pressure peaked (not
Faust and Mungur 1987). Three nacelle shapes wer@redicted by the transonic design code). The lower
selected and designed to have pressure distributionsurface was more sensitive to engine power and 2 to
which led to flow fields which were susceptible to 3 percent less laminar flow was observed at the higher
boundary-layer instabilities. The variation was to power settings compared with lower power settings.
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Concerning the calibration data for transition predic- from 12x 10° to 30x 1, and sweep angles from©°18
tions codes, TS- and CF-disturbamééactors showed  to 24 (obtained with sideslip). For a Mach number of
fairly good agreement with the Boeing 757 and F-1110.35, the transition front ranged from 8 to 50 percent

flight database. chord dependent on flap and yaw settings (Horstmann
et al. 1990). For TS-disturbance-dominated transition,
A.10. VEFW 614 the transition front was at nearly the same chordwise

location across the span, whereas for CF-disturbance-

In 1986, the German laminar flow technology pro- dominated transition, a distinct sawtooth pattern arose
gram, supported by the German Ministry of Research(reminiscent of CF transition). As yaw was increased,
and Technology (BMFT), began wind tunnel and the laminar attachment line became intermittently tur-
flight experiments NLF and LFC (Redeker et al. bulent which was consistent with the threshold
1990). Korner (1990) noted that part of the program momentum Reynolds number of 100 on the attach-
involved determining (or discriminating) between ment line. Following the VFW 614 NLF flight test, a
when NLF is preferred and when HLFC or LFC is a Fokker 100 transport aircraft was fitted with a partial-
more appropriate choice for a particular aircraft. Addi- span NLF glove to measure the drag reduction associ-
tionally, two of the major milestones of this program ated with a NLF wing design, validate laminar flow
involved NLF wind tunnel tests and flight research on CFD methodology, and to establish the upper limits of
the 40-seat VFW 614 research aircraft (owned byNLF (transition Reynolds number for a given leading-
DLR) during 1987 through 1990. The goal of the edge sweep angle). The flight test consisted of three
VFW 614 ATTAS NLF flight experiment was to gain flights for a total of 12 hr. The observed results
a database of TS-disturbance- and CF-disturbancevalidated the design predictions of 15-percent drag
dominated transition for code calibration. During the reduction; this confirmed high-speed wind tunnel
flight test, a database was obtained for variations ininvestigations conducted at the Dutch National
Mach numbers from 0.35 to 0.7, Reynolds numbersAerospace Laboratory (Mecham 1992).
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Appendix B wing. The glove was 4 ft wide, extended past 30 per-
cent chord, and a notch-bump (fig. 15) was added to
Supersonic Natural Laminar Elow the inboard side of the leading edge of the test section
h to eliminate the potential for attachment-line contami-
Researc nation problems. The flight tests were flown at Mach
_ . _ ~numbers ranging from 0.7 to 1.8, altitudes of 20 000 to
In this section, a brief summary of supersonic 55000 ft, unit Reynolds numbers per foot of £.20°

NLF research is given. to 4x 10°, and angles of attack efl° to 10°. Com-
) _ pressible stability calculations (using COSAL) for sta-
B.1. F-104 Starfighter Flight Test tionary crossflow disturbances at zero frequency were

correlated with the flight-observed transition location.
Some of the first transition-related supersonic |gnoring surface curvaturéy-factors of 10.5 and 11

flight tests were carried out at the NASA High-Speed matched the transition point for the Mach numbers of
Flight Station in California. In 1959, McTigue, 0.98 and 1.16, where the transition points were mea-
Overton, and Petty (1959) reported on transition sured at 20 and 15 percent chord, respectively. For
detection techniques tested in supersonic flight bytransition occurring closer to the leading edge,
using an F-104 Starfighter. A wing glove made of N-factors of 5.5 and 6 were found for Mach numbers
fiberglass cloth and epoxy resin was positioned on theof 0.9 and 1.76. Surface clean-up gloves were
wing of the fighter-type aircraft. Resistance thermom- mounted on both the right wing (leading-edge sweep
eters and subliming chemicals were used to detect thef 60°) and the vertical tail (sweep of §5of the

transition location. Cameras were used to recordrF-106. Gaster-type bumps were installed on the
the sublimation process in flight. Approximately 40 inboard portion of the gloves to prevent attachment-
instrumented flights were flown up to a Mach number |ine contamination. Flight tests were conducted at
of 2.0 and an altitude of 55000 ft. Photographs wereMach numbers ranging from 0.8 to 1.8, altitudes rang-
presented in the report giving a measure of transitioning from 30000 to 50 000 ft, unit Reynolds numbers
location (laminar flow extent) with various flight con- per foot of 1.6x 1P to 5.2x 1P, and angles of attack

ditions. No detailed analysis of the transition location of 3° to 1£. Turbulent flow was observed at the first

and mean-flow attributes was performed. hot-film gauge (0.5 percent chord) for all but four of
the flight test points. All the transition points were
B.2. F-106 and F-15 observed within 5 percent chord of the leading edge.

Either the attachment-line contamination prevention

An F-106 at Langley Research Center and an F-15was not working properly or strong crossflow distur-
at Dryden Flight Research Center had a 6-month win-bances were generated by the large leading-edge
dow of availability in 1985 which could be used to sweep. Collier and Johnson (1987) showed theoreti-
study supersonic boundary-layer transition (Collier cally that N-factor values could be significantly
and Johnson 1987). The F-15 twin-engine fighter wasdecreased by adding small quantities of suction in the
selected as a flight test vehicle because earlier flightfirst 12 percent chord of the vertical tail for a simu-
tests have shown that pressures on tliesd&pt wing lated F-106 test point. With this small amount of suc-
would support small amounts of NLF. A surface tion, disturbances were stable to 20 percent chord; this
clean-up glove was installed on the right wing of the suggests that HLFC would lead to significant runs
F-15 to eliminate surface imperfections in the original with laminar flow.

66



References Three-Dimensional FlonBoundary Layer Stability and
Transition to Turbulence FED-VOL. 114, ASME,

Anon. 1985:85-86 Aerospace Facts & Figureserospace pp. 155-162.

Industries Assoc. of America, Inc., pp. 94-95. Arnal, D.; Juillen, J.-C.; and Casalis, G. 1992: Fundamental
Studies Related to Laminar-Turbulent Transition Prob-
lems on Swept Wings:irst European Forum on Lami-
nar Flow TechnologyDGLR-Bericht 92-06, pp. 35-44.

Anon. 1995a:Aerospace Facts & Figures 1995-98ero-
space Industries Assoc. of America, Inc., pp. 92-93.

Anon. 1995b: Laminar-Flow Testing Begins on Airbus . -~
A320.Flight Int., Apr. 12-18, p.10. Arnal, D. 1992: Boundary Layer Transition: Prediction,

_ ) Application to Drag ReductiorSpecial Course on Skin
Anderson, Bianca Trujillo; Meyer, Robert R., Jr.; and Friction Drag ReductionAGARD Rep. 786. (Available
Chiles, Harry R. 1988Techniques Used in the F-14 from DTIC as AD A253 005.)

Variable-Sweep Transition Flight ExperimemMNASA ) i o
TM-100444. Arnal, Daniel 1994: Boundary Layer Transition: Predictions

Based on Linear Theorgpecial Course on Progress in
Anderson, Bianca Truijillo; and Meyer, Robert R., Jr. 1990: Transition Modelling AGARD Rep. 793.
Effects of Wing Sweep on Boundary-Layer Transition ] ) o
for a Smooth F-14A Wing at Mach Numbers From 0.700 Atkins, P. B. 1951:Wing Leading Edge Contamination
t0 0.825 NASA TM-101712. by Insects Flight Note 17, Aeronaut. Res. Lab.
(Melbourne).
Anderson, Bianca T.; and Bohn-Meyer, Marta 1992: Over- ) o
view of Supersonic Laminar Flow Control Research on Bacon, J.; Tucker, V.; and Pfenninger, W. 1959: Michigan

the F-16XL Ships 1 and 2. SAE Paper 921994, 5- by 7-Foot Tunnel Experiments on & 3wept 12%
) ] Thick Symmetric Laminar Suction Wing With Suction
Anscombe, A.; and lllingworth, L. N. 195&ind-Tunnel Extended Forward to 1% Chord. Rep. NOR-59-328

Observations of Boundary-Layer Transition on a Wing (BLC-119), Northrop Aircraft, Inc.

at Various Angles of Sweepbadk&M 2968, British
A.R.C. Bacon, J. W., Jr.; Pfenninger, W.; and Moore, C. R. 1964:

o _ ) _ Investigations of a 30Swept and a 17-Foot Chord
Anselmet, F.; Mérigaud, E.; and Fulachier, L. 1992: Effect Straight Suction Wing in the Presence of Internal

of Hole Suction on Boundary Layer Transitidfirst Sound, External Sound, and Mechanical Vibrations.

European Forum on Laminar Flow Technology Summary of Laminar Boundary Layer Control

DGLR-Bericht 92-06, pp. 67-72. Research Volume |, ASD-TDR-63-554, U.S. Air
Antonatos, P. P. 1966: Laminar Flow Control—Concepts ~ Force, pp. 120-154. (Available from DTIC as

and ApplicationsAstronaut. & Aeronaut vol. 4, no. 7, AD 605 185.)

pp. 32-36. Balakumar, P.; and Hall, P. 1996: Optimum Suction Distri-

Arcara, P. C., Jr.; Bartlett, D. W.; and McCullers, L. A. bution for Transition Control. AIAA-96-1950.

1991: Analysis for the Application of Hybrid Laminar Barry, Brian; Parke, Simon J.; Bown, Nicholas W.; Riedel,

Flow Control to a Long-Range Subsonic Transport Air- Hansgeorg; and Sitzmann, Martin 1994: The Flight
craft. SAE Paper 912113. Testing of Natural and Hybrid Laminar Flow Nacelles.

Arnal, D. 1984: Description and Prediction of Transition 94-GT-408, ASME.

in Two-Dimensional, Incompressible FlowSpecial Bayly, Bruce J.; Orszag, Steven A.; and Herbert, Thorwald

gg%;% ?Qn St?gg'ty and Transition of Laminar Flow 1988: Instability Mechanisms in Shear-Flow Transition.
€p. ' Annual Review of Fluid Mechanijc¥olume 20, Ann.
Arnal, D.; Habiballah, M.; and Coustols, E. 1984: Laminar Rev., Inc., pp. 359-391.

Instability Theory and Transition Criteria in Two- and Beckwith, lvan E.: Chen, Fang-Jeng; and Malik, Mujeeb R.

Three-Dimensional FlowLa Recherche Aerospatiale 1987: Design and Fabrication Requirements for Low

no. 2, pp. 45-63. Noise Supersonic/Hypersonic Wind Tunndkesearch

Arnal, D.; Casalis, G.; and Juillen, J. C. 1990: Experimental  in Natural Laminar Flow and Laminar-Flow Control
and Theoretical Analysis of Natural Transition on ‘Infi- Jerry N. Hefner and Frances E. Sabo, compilers, NASA
nite’ Swept Wing. Laminar-Turbulent Transition CP-2487, Part 3, pp. 947-964.

Springer-Verlag, pp. 311-325. Beckwith, I. E.; Chen, F.-J.; and Malik, M. R. 1988:
Arnal, D.; Juillen, J. C.; and Casalis, G. 1991: The Effects Design and Fabrication Requirements for Low-Noise
of Wall Suction on Laminar-Turbulent Transition in Supersonic/Hypersonic Wind Tunnels. AIAA-88-0143.

67



Befus, Jack; Nelson, E. Randel; Ellis, David R.; and Latas, Braslow, Albert L.; and Visconti, Fioravante 1948vesti-
Joe 1987: Flight Test Investigations of a Wing Designed gation of Boundary-Layer Reynolds Number for Transi-
for Natural Laminar FIowSAE Paper 871044. tion on an NACA 63157114 Airfoil in the Langley

) ) Two-Dimensional Low-Turbulence Pressure Tunnel
Bergrun, Norman 1995. A Warming Trend for Icing NACA TN 1704.

ResearchAerosp. Americavol. 33, no. 8, pp. 22-27.
Braslow, Albert L.; Visconti, Fioravante; and Burrows,

Berry, Scott; Dagenhart, J. R.; Brooks, C. W.; and Harris,  pale L. 1948:Preliminary Wind-Tunnel Investigation
C. D. 1987: Boundary-Layer Stability Analysis of LaRC of the Effect of Area Suction on the Laminar

8-Foot LFC Experimental Datd&research in Natural Boundary Layer Over an NACA 64A010 AirfdilACA
Laminar Flow and Laminar-Flow ControlJerry N. RM L7L15.

Hefner and Frances E. Sabo, compilers, NASA .

CP-2487, Part 2, pp. 471-489. Braslow, Albert L.; Burrows, Dale L.; Tetervin, Neal; and

Visconti, Fioravante 1951Experimental and Theoreti-
Bertolotti, Fabio Paolo 1991: Linear and Nonlinear Stability cal Studies of Area Suction for the Control of the Lami-
of Boundary Layers With Streamwise Varying Proper- nar Boundary Layer on an NACA 64A010 Airfoil
ties. Ph.D. Thesis, Ohio State Univ. NACA Rep. 1025. (Supersedes NACA TN 1905 by
Burrows, Braslow, and Tetervin and NACA TN 2112

Bertolotti, Fabio P.; and Crouch, Jeffrey D. 19%2nula- by Braslow and Visconti.)

tion of Boundary-Layer Transition: Receptivity to Spike
Stage NASA CR-191413. Braslow, Albert L.; and Knox, Eugene C. 1958mplified

o _ _ Method for Determination of Critical Height of Distrib-
Bhutiani, P. K.; Keck, D. F.; Lahti, D. J.; Stringas, M. J. uted Roughness Particles for Boundary-Layer Transi-
1993: Investigating the Merits of a Hybrid Laminar tion at Mach Numbers From 0 to NACA TN 4363.

Flow Nacelle.The Leading EdgeGeneral Electric Co., ) ) )
Spring, pp. 32-35. Braslow,_AIber_t L.; and F|s<_:he_r, Michael C 1985: Design
Considerations for Application of Laminar Flow Con-
Bicknell, Joseph 193®etermination of the Profile Drag of trol Systems to Transport Aircrafbircraft Drag Pre-
an Airplane Wing in Flight at High Reynolds Numbers diction and ReductigrAGARD Rep. 723, pp. 4-1-4-27.

NACA Rep. 667. Braslow, A.L.; Maddalon, D. V.; Bartlett, D. W.; Wagner,

Birch, S. 1992: Laminar FlowAerosp. Eng vol. 12, no. 3, R. D.; and Collier, F. S., Jr. 1990: Applied Aspects of
pp. 45-47. Laminar-Flow Technologyiscous Drag Reduction in
Boundary LayersDennis M. Bushnell and Jerry Hefner,
Birch, S. 1996: Aerospatiale Looks to the Fututerosp. eds., AIAA, pp. 47-78.

Eng, vol. 16, no. 6, pp. 28-30. _
Braslow, Albert L.; and Maddalon, Dal V. 199Blight

Bobbitt, Percy J.; Harvey, William D.; Harris, Charles D.; Tests of Three-Dimensional Surface Roughness in the
and Brooks, Cuyler W., Jr. 199Zhe Langley 8-Ft High-Crossflow Region of a Swept Wing With Laminar-
Transonic Pressure Tunnel Laminar-Flow-Control Flow Control NASA TM-109035.

Experiment. Natural Laminar Flow and Laminar Flow
Control, R. W. Barnwell and M. Y. Hussaini, eds.,
Springer-Verlag, pp. 247-411.

Braslow, Albert L.; and Maddalon, Dal V. 199&light
Tests of Surface Roughness Representative of Construc-
tion Rivets on a Swept Wing With Laminar-Flow Con-

Bobbitt, Percy J.; Ferris, James C.; Harvey, William D.; and  trol. NASA TM-109103.

Goradia, Suresh H. 1998ybrid Laminar Flow Control  pgyitton Randall K. 1990Elevator Deflections on the Icing
Experiment Conducted in NASA Langley 8-Foot Tran- ProcessAIAA Student J., vol. 27, pp. 8-18.
sonic Pressure TunneéNASA TP-3549. ' '

Brooks, Cuyler W., Jr.; and Harris, Charles D. 1987:

Boltz, F. W.; Kenyon, G. C.; and Allen, C. Q. 19&Dfects Results of LFC Experiment on Slotted Swept Supercriti-
of Sweep Angle on the Boundary-Layer Stability Char-  cal Airfoil in Langley’s 8-Foot Transonic Pressure Tun-
acteristics of an Untapered Wing at Low Spe@dSSA nel. Research in Natural Laminar Flow and Laminar-
TN D-338. Flow Control Jerry N. Hefner and Frances E. Sabo,

Braslow, Albert L. 1944tnvestigation of Effects of Various compilers, NASA CP-2487, Part 2, pp. 453-469.
Camouflage Paints and Painting Procedures on the Bulgubure, C.; and Arnal, D. 1992: DASSAULT Falcon 50

Drag Characteristics of an NACA £5,y420, a = 1.0 Laminar Flow Flight DemonstratorFirst European
Airfoil Section NACA WR L-141. (Formerly NACA Forum on Laminar Flow TechnologypGLR-Bericht
CB L4G17.) 92-06, pp.11-18.

68



Bushnell, D. M.; and Tuttle, M. H. 197urvey and Bibli- Cebeci, Tuncer; and Stewartson, Keith 1980: On Stability
ography on Attainment of Laminar Flow Control in Air and Transition in Three-Dimensional FIoOWsIAA J,
Using Pressure Gradient and Suction—Volume 1 vol. 18, no. 4, pp. 398-405.

NASA RP-1035.
Choudhari, Meelan 1994: Roughness-Induced Generation

Bushnell, D. M.; and Malik, M. R. 1987: Supersonic Lami- of Crossflow Vortices in Three-Dimensional Boundary
nar Flow Control.Research in Natural Laminar Flow Layers.Theoret. Comput. Fluid Dypwvol. 6, pp. 1-30.
and Laminar-Flow Contrgl Jerry N. Hefner and
Frances E. Sabo, compilers, NASA CP-2487, Part 3,
pp. 923-946.

Choudhari, Meelan; and Streett, Craig 1994: Theoret-
ical Prediction of Boundary-Layer Receptivity.
AlAA-94-2223.

Buxbaum, Jorg; and Hohne, Gordon 1996: Flow Measure-chyprun, John; and Canhill, Jones F. 1966: LFC on Large

ments of Porous Titanium Suction Panels Designed for | ogistics Aircraft.Astronaut. & Aeronautvol. 4, no. 7
Laminar Flow Control. MS Thesis, Arizona State Univ. op. 58-62. ' ’

Carlson, J. C. 1964.ow Drag Boundary Layer Suction Clark, Rodney L.; Lange, Roy H.; and Wagner, Richard D.
Experiments Using a 33wept 15 Percent Thick Lami- 1990: Application of Advanced Technologies to Future
nar Suction Wing With Suction Slots Normal to the  Military Transports. Progress in Military Airlift
Leading Edge Aerodynamic Model and Test Report AGARD-CP-495.

NOR-64-281, Northrop Corp. (Available From DTIC as ) _
AD 482 068.) Coleman, W. S. 1952Wind Tunnel Experiments on the

Prevention of Insect Contamination by Means of Solu-
Carmichael, B. H.; Whites, Roy C.; and Pfenninger, W. ble Films and Liquids Over the Surfa& CC Note 39.
1957:Low Drag Boundary Layer Suction Experiments
in Flight on the Wing Glove of an F-94A Airplariep. Coleman, W. S. 1961: Roughness Due to Ins8dandary

No. NAI-57-1163 (BLC-101), Northrop Aircraft Inc. Layer and Flow ControlVolume 2, G. V. Lachmann,
ed., Pergamon Press, pp. 682-747.

Carmichael, B. H. 1959Surface Waviness Criteria for
Swept and Unswept Laminar Suction Windrep.
No. NOR-59-438 (BLC-123) (Contract AF33
(616)-3168), Northrop Aircraft, Inc.

Coleman, Colin P.; Poll, D. I. A.; Laub, James A,
and Wolf, Stephen W. D. 1996: Leading Edge
Transition on a 76 Degree Swept Cylinder at Mach 1.6.
AIAA-96-2082.

Carmichael, B. H.; and Pfenninger, W. 1938urface  cgleman, Colin P.; Poll, D. I. A.; and Lin, Ray-Sing 1997:
Imperfection Experiments on a Swept Laminar Suction  gynerimental and Computational Investigation of Lead-

Wing Rep. No. NOR-59-454 (BLC-124), Northrop ing Edge Transition at Mach 1.6. AIAA-97-1776.
Aircraft Inc.
Collier, F. S., Jr.; and Johnson, J. B. 1987: Supersonic
Carmichael, B. H. 1979Summary of Past Experience in Boundary_Layer Transition on the LaRC F-106 and
Natural Laminar Flow and Experimental Program for DFRF F-15 Aircraft—Part I: Transition Measurements
Resilient Leading Edg&NASA CR-152276. and Stability AnalysisResearch in Natural Laminar

Flow and Laminar-Flow ContrglJerry N. Hefner and

Cattafesta, L. N., lll; lyer, V.; Masad, J. A.; King, R. A;; .
and Dagenhart, J. R. 1994: Three-Dimensional E;ar;c;(a?s_llzliabo, compilers, NASA CP-2487, Part 3,
Boundary-Layer Transition on a Swept Wing at ' '
Mach 3.5. AIAA-94-2375. Collier, F. S., Jr. 1993: An Overview of Recent Sub-
) sonic Laminar Flow Control Flight Experiments.
Cattafesta, L. N., lll; lyer, V.; Masad, J. A.; King, R. A;; AIAA-93-2087.

and Dagenhart, J. R. 1995: Three-Dimensional
Boundary-Layer Transition on a Swept Wing at Cornelius, Kenneth C. 1987: An Experimental Evaluation

Mach 3.5.AIAA J, vol. 33, no. 11, pp. 2032-2037. of Slots Versus Porous Strips for Laminar-Flow Appli-
_ cations. Research in Natural Laminar Flow and
Cattafesta, L. N., lll; and Moore, J. G. 1995: Uncertainty Laminar-Flow Control Jerry N. Hefner and Frances E.

Estimates for Luminescent Temperature-Sensitive Sabo, compilers, NASA CP-2487, Part 2, pp. 435-451.
Paint Intensity Measurements. AIAA-95-2193.
Courty, J. C.; Bulgubure, C.; and Arnal, D 1993: Estudes

Cattafesta, Louis N., lll; and Moore, Jay G. 1996: Review d’'ecoulements Laminaires Chez Dassault Aviation:
and Application of Non-Topographic Photogrammetry Calculs et Essais en Vol (Studies on Laminar Flow Con-
to Quantitative Flow Visualization. AIAA-96-2180. ducted at Dassault Aviation; Calculations and Test

69



Flights). Recent Advances in Long Range and Long
Endurance Operation of AircrafAGARD CP-547

Cousteix, Jean 1992: Basic Concepts on Boundary Layers.

Special Course on Skin Friction Drag Reduction.
AGARD Rep. 786. (Available from DTIC as
AD A253 005.)

Creel, T. R., Jr.; Malik, M. R.; and Beckwith, I. E. 1987:
Experimental and Theoretical Investigation of
Boundary-Layer Instability Mechanisms on a Swept
Leading Edge at Mach 3.Research in Natural Lami-
nar Flow and Laminar-Flow ConttpJerry N. Hefner
and Frances E. Sabo, compilers, NASA CP-2487,
Part 3, pp. 981-995.

Creel, T. R., Jr.; Beckwith, I. E.; and Chen, F. J. 1987: Tran-

sition on Swept Leading Edges at Mach 3.5Aircr.,
vol. 25, no. 10, pp. 710-717.

Croom, C. C.; and Holmes, B. J. 1985: Flight Evaluation of
an Insect Contamination Protection System for Laminar
Flow Wings. SAE Paper 850860.

Di Giorgio, L. 1990: The High Speed Market in the Next
Three DecadesProceedings of the European Sympo-
sium on Future Supersonic Hypersonic Transportation
Systemspp. 117-130.

Dryden, Hugh L. 1936Air Flow in the Boundary Layer
Near a Plate NACA Rep. 562.

Dunn, D. W.; and Lin, C. C. 1953: On the Role of Three-
Dimensional Disturbances in the Stability of Supersonic
Boundary Layers]. Aeronat. Scivol. 20, pp. 577-578.

Edwards, Brian 1977: Laminar Flow Control—Concepts,
Experiences, SpeculatiarSpecial Course on Concepts
for Drag ReductionAGARD Rep. 654, pp. 4-1-4-41.

Etchberger, F. R.; et al. 198BFC Leading Edge Glove
Flight—Aircraft Modification Design, Test Article
Development, and Systems IntegratioNASA
CR-172136.

Fage, A. 1943The Smallest Size of a Spanwise Surface
Corrugation Which Affects Boundary-Layer Transition
on an Aerofoil R. & M. No. 2120, British A.R.C.

Crouch, J. D. 1994: Theoretical Studies on the Receptivity Faust, G. K.; and Mungur, P. 1987: Status Report on a Nat-

of Boundary Layers. AIAA-94-2224.

Cumming, R. W.; Gregory, N.; and Walker, W. S. 1958:
Investigation of the Use of an Auxiliary Slot To
Re-Establish Laminar Flow on Low-Drag Aerofoils
R. & M. No. 2742, British A.R.C.

Cumpsty, N. A.; and Head, M. R.1969: The Calculation of
the Three-Dimensional Turbulent Boundary Layer—
Part 1ll. Comparison of Attachment-Line Calculations
With ExperimentAeronaut. Q, vol. XX, pp. 99-113.

Dagenhart, J. Ray 198Amplified Crossflow Disturbances
in the Laminar Boundary Layer on Swept Wings With
Suction NASA TP-1902.

Davis, Richard E.; Fischer, Michael C.; Fisher, David F.;
and Young, Ronald 1986: Cloud Particle Effects on
Laminar Flow in the NASA LEFT Program: Prelimi-
nary Results. AIAA-86-9811.

Davis, Richard E.; Maddalon, Dal V.; and Wagner,
Richard D. 1987: Performance of Laminar-Flow
Leading-Edge Test Articles in Cloud Encounters.
Research in Natural Laminar Flow and Laminar-Flow
Control, Jerry N. Hefner and Frances E. Sabo, compil-
ers, NASA CP-2487, Part 1, pp. 163-193.

Davis, Richard E.; Maddalon, Dal V.; Wagner, Richard D.;
Fisher, David F.; and Young, Ronald 198¥aluation
of Cloud Detection Instruments and Performance of
Laminar-Flow Leading-Edge Test Articles During
NASA Leading-Edge Flight-Test ProgranNASA
TP-2888.

70

ural Laminar-Flow Nacelle Flight Experiment—Nacelle
Design. Research in Natural Laminar Flow and

Laminar-Flow Contro| Jerry N. Hefner and Frances E.
Sabo, compilers, NASA CP-2487, Part 3, pp. 891-907.

Fedorov, A. V.; and Khokhlov, A. P. 1993: Excitation and
Evolution of Unstable Disturbances in Supersonic
Boundary LayerTransitional and Turbulent Compress-
ible Flows FED-Vol. 151, ASME.

Fernandez, Rene; Rylicki, Daniel S.; Maddalon, Dal V.;
Dietrich, Donald; and McVey, Leslie 1996: Flight Tests
of Anti-Insect Coatings on a Simulated Hybrid Laminar
Flow Nacelle Surface. Paper presented at World
Aviation Congress and Exposition 1996 (Los Angeles,
California).

Fischer, M. C.; Wright, A. S., Jr.; and Wagner, R. D. 1983:
A Flight Test of Laminar Flow Control Leading-Edge
SystemsNASA TM-85712.

Fischer, Michael; and Vemuru, Chandra S. 1991: Applica-
tion of Laminar Flow Control to the High Speed Civil
Transport—The NASA Supersonic Laminar Flow Con-
trol Program. SAE Paper 912115.

Fisher, David F.; and Fischer, Michael C. 1987: Develop-
ment Flight Tests of JetStar LFC Leading-Edge Flight
Test ExperimentResearch in Natural Laminar Flow
and Laminar-Flow Control, Jerry N. Hefner and
Frances E. Sabo, compilers, NASA CP-2487, Part 1,
pp. 117-140.

Flores, Jolen; Tu, Eugene L.; Anderson, Bianca; and
Landers, Stephen 1991: A Parametric Study of the



Leading Edge Attachment Line for the F-16XL. Gottschalk, Mark A. 1996: Going With the FloWesign
AlAA-91-1621. News Sept. 9, pp. 23-24.

Fowell, L. R.; and Antonatos, P. P. 1965: Some ResultsGranville, Paul S. 1953The Calculation of the Viscous
From the X-21A Program—~Part 2: Laminar Flow Flight Drag of Bodies of RevolutiorRep. 849, David W.
Test Results on the X-21/Recent Developments in Taylor Model Basin.

S;)undary Layer ResearehPart IV, AGARDograph Gray, W. E.; and Davies, H. 195%ote on the Maintenance
' of Laminar-Flow WingsR. & M. No. 2485, British

Freeman, J. A. 1945: Studies in the Distribution of Insects A-R.C.

by Aerial Currents—The Insect Population of the Air Gray, W. E. 1952The Effect of Wing Sweep on Laminar
From Ground Level to 300 Feé&t. Anim. Ecol.vol. 14, Fl’ow. Tech. Memo. No. Aero 255. British R.A.E.

pp. 128-154.
Gray, W. E.; and Fullam, P. W. J. 195Gpmparison

Gaster, M. 1965: A Simple Device for Preventing Turbulent of Flight and Tunnel Measurements of Transition

Contamination on Swept Leading Edged. R. on a Highly Finished Wing (King Cobra)
Aeronaut. Socvol. 69, no. 659, pp. 788-789. Rep. No. Aero 2383, British R.A.E.

Gaster, M. 1967: On the Flow Along Swept Leading Edges. Greber, Isaac 1959nteraction of Obliqgue Shock Waves
Aeronaut. Q.vol. XVIII, pt. 2, pp. 165-184. With Laminar Boundary Layer3ech. Rep. 59-2, MIT.
Glick, P. A. 1939The Distribution of Insects, Spiders, and Gregory, N.; Stuart, J. T.; and Walker, W. S. 1955: On the
Mites in the Air Tech. Bull. No. 673, U.S. Dep. Stability of Three-Dimensional Boundary Layers With

Agriculture. Application to the Flow Due to a Rotating Digkailos.

) Trans. R. Soc. Londorser. A, vol. 248, no. 943,
Goethert, Bernhard 1966: Toward Long-Range Aircraft pp. 155-199.

With Laminar Flow Control Astronaut. & Aeronauj.

vol. 4, no. 7, pp. 56-57. Gregory, N. 1961: Research on Suction Surfaces for
Laminar Flow. Boundary Layer and Flow Control
Goldsmith, John 1955Critical Suction Quantities and Volume 2, G. V. Lachmann, ed., Pergamon Press,

Pumping Losses Associated With Laminar Boundary  pp. 924-960.
Layer Suction Through Rows of Closely-Spaced Holes. )
Rep. NAI-55-287 (BLC-72), Northrop Aircraft, Inc. Gregory, N.; and Love, E. M. 1965aminar Flow on a

(Available from DTIC as AD 74 865(b).) Swept Leading Edge: Final Progress RepdiPL
AERO. Memo. No. 26, British A.R.C.

f Gross, L. W.; Bacon, J. W., Jr.; and Tucker, V. L. 1964:
Experimental Investigation and Theoretical Analysis of
Laminar Boundary Layer Suction on a °3@wept,

Goldsmith, John 1957%Critical Laminar Suction Parame-
ters for Suction Into an Isolated Hole or a Single Row o
Holes. Rep. No. NAI-57-529 (BLC-95), Northrop

Aircraft, Inc. : o
12-Percent-Thick Wing in the NASA Ames 12-Foot
Goldsmith, John 1964: Investigation of Laminar Flow Con- Pressure Wind TunneSummary of Laminar Boundary
trol Airfoils Swept Behind the Mach Angl8ummary of Layer Control Research, VolumeASD-TDR-63-554,
Laminar Boundary Layer Control Researafplume I, U.S. Air Force, pp. 96-110. (Available from DTIC as

ASD-TDR-63-554, U.S. Air Force, pp. 487-547. AD 605 185.)

(Available from DTIC as AD 605 185 Gross, L. W. 1964: Experimental Investigation of a

Goldstein, M. E. 1983: The Evolution of Tollmien- 4-Percent-Thick Straight Laminar Suction Wing of
Schlichting Waves Near a Leading Edgk. Fluid 17-Foot Chord in the NORAIR 7- by 10-Foot Wind
Mech, vol. 127, pp. 59-81. Tunnel. Summary of Laminar Boundary Layer Control

Research Volume |, ASD-TDR-63-554, U.S. Air
Goldstein, M. E. 1985: Scattering of Acoustic Waves Into Force, pp. 111-119. (Available from DTIC as
Tollmien-Schlichting Waves by Small Streamwise AD 605 185.)

Variations in Surface Geometryd. Fluid Mech, o
vol. 154, pp. 509-529. Gross, L. W. 1964: Laminarization of a Sears-Haack Body

of Revolution by Means of Boundary Layer Suction.
Goldstein, M. E.; Leib, S. J.; and Cowley, S. J. 1987: Gen-  Summary of Laminar Boundary Layer Control
eration of Tollmien-Schlichting Waves on Interactive Research Volume |, ASD-TDR-63-554, U.S. Air
Marginally Separated Flows. Fluid Mech, vol. 181, Force, pp. 155-165. (Available from DTIC as
pp. 485-517. AD 605 185.)

71



Groth, E. E.; Carmichael, B. H.; Whites, Roy C.; and Hardy, A. C.; and Milne, P. S. 1938: Studies in the Distribu-
Pfenninger, W. 1957:.Low Drag Boundary Layer tion of Insects by Aerial Currents—Experiments in
Suction Experiments in Flight on the Wing Glove of a Aerial Tow-Netting From KitesJ. Anim. Ecal vol. 7,
F94-A Airplane—Phase II: Suction Through 69 Slots no. 2, pp. 199-229.

NAI-57-318 (BLC-94) (Contract AF-33(616-3108)), _ _ _ _
Northrop Aircraft, Inc. Harris, Julius E.; lyer, Venkit; and Radwan, Samit 1987:

. _ Numerical Solutions of the Compressible 3-D
Groth, E. E. 1961: Boundary Layer Suction Experiments at  Boundary-Layer Equations for Aerospace Configura-

Supersonic SpeedBoundary Layer and Flow Control tions With Emphasis on LF®esearch in Natural Lam-
Volume 2, G. V. Lachmann, ed., Pergamon Press, inar Flow and Laminar-Flow Contip Jerry N. Hefner
pp. 1049-1076. and Frances E. Sabo, compilers, NASA CP-2487,

Groth, E. E. 1964a: Investigation of a Laminar Flat Plate Part2, pp. 517-545.

Boundary Layer Control ResearchVolume |, Research in Natural Laminar Flow and Laminar-Flow
ASD-TDR-63-554, U.S. Air Force, pp. 428-441. Control, Jerry N. Hefner and Frances E. Sabo, compil-
(Available from DTIC as AD 605 185.) ers, NASA CP-2487, Part 1, pp. 1-23.

Groth, E'_ E. 1964b: Low Dr'ag Boundary Layer.Suctio.n Harvey, W. D.; and Pride, J. D. 1981: NASA Langley Lam-
Experiments at Supersonic Speeds on an Ogive Cylin- inar Flow Control Airfoil ExperimentLaminar Flow

der With 29 Closely Spaced Slo&ummary of Laminar Control—1991 Research and Technology Studies

Boundary Layer Control ResearchVolume |, Dal V. Maddalon, ed., NASA CP-2218, pp. 1-42
ASD-TDR-63-554, U.S. Air Force, pp. 449-463. ' B T '
(Available from DTIC as AD 605 185.) Hastings, E. C.; Schoenster, J. A.; Obara, C. J.; and

Dodbele, S. S. 1986: Flight Research on Natural Lami-

Groth, E. E. 1964c: Investigations of Swept Wings With nar Flow Nacelles: A Progress Report. AIAA-86-1629.

Supersonic Leading EdgesSummary of Laminar

Boundary Layer Control ResearchVolume I, Hastings, Earl C., Jr. 1987: Status Report on a Natural Lam-
ASD-TDR-63-554, U.S. Air Force, pp. 464-479. inar Flow Flight Experiment— SummariResearch in
(Available from DTIC as AD 605 185.) Natural Laminar Flow and Laminar-Flow Control

Groth, E. E.; Pate, S. R.; and Nenni, J. P. 1965: Laminar Y€y N. Hefner and Frances E. Sabo, compilers, NASA
Flow Control at Supersonic Speed®ecent Develop- CP-2487, Part 3, pp. 887-890.
ments in Boundary Layer Researchar IV, Haynes, T. S.; and Reed, H. L. 1996: Computations in Non-
AGARDograph 97. linear Saturation of Stationary Crossflow Vortices in a
Hackenberg P.; Tutty, O. R.: and Nelson, P. A. 1994;:  Swept-Wing Boundary Layer. AIAA-96-0182.
Numerical Studies of the Automatic Control of

Boundary-Layer Transition via Multiple Suction Panels.
AlAA-94-2214,

Head, M. R. 1955The Boundary Layer With Distributed
Suction R. & M. No. 2783, British A.R.C. (Available
from DTIC as AD B029 704.)

Hall, A. A.; and Hislop, G. S. 193&xperiments on the

Transition of the Laminar Boundary Layer on a Flat H€ad. M. R.; Johnson, D.; and Coxon, M. 198%&ght
Plate R. & M. No. 1843, British A.R.C. Experiments on Boundary-Layer Control for Low Drag

R. & M. No. 3025, British A.R.C.
Hall, G. R. 19640n the Mechanics of Transition Produced )
by Particles Passing Through an Initially Laminar Hefner, Jerry N.; and Bushnell, Dennis M. 198@atus of
Boundary Layer and the Estimated Effect on the LFC ~ Linear Boundary-Layer Stability Theory and tied
Performance of the X-21 Aircraforthrop Corp. Method, With Emphasis on Swept-Wing Applications
NASA TP-1645.
Hall, P. 1983: The Linear Development of Gdrtler Vortices
in Growing Boundary Layersl. Fluid Mech, vol. 130, Hefner, Jerry N. 1992: Laminar Flow Control: Introduction

pp. 41-58. and Overview.Natural Laminar Flow and Laminar

) Flow Control,R. W. Barnwell and M. Y. Hussaini, eds.,
Hall, P.; Malik, M. R.; and Poll, D. I. A. 1984: On the Springer-Verlag, pp. 1-22.

Stability of an Infinite Swept Attachment Line Bound-
ary Layer. Proc. R. Soc. Londonser A, vol. 395, Helmholtz, H. 1868: Uber discontinuirliche Fliissigkeits-
pp. 220-245. BewegungenAkad. Wiss Monatsber 215.

72



Herbert, Thorwald 1988: Secondary Instability of Boundary lyer, Venkit 1995:Computer Program BL2D for Solving
Layers.Annual Review of Fluid Mechanidgolume 20, Two-Dimensional and Axisymmetric Boundary Layers
Ann. Rev., Inc., pp. 487-526. NASA CR-4668.

Herbert, Th. 1991: Boundary-Layer Transition—Analysis Johnson, Paul L. 1996: Effects of Suction on Crossflow
and Prediction Revisited. AIAA-91-0737. Disturbance Growth—NASA/BCAG Crossflow Experi-

Hilton, W. F. 1955: Tests of a Fairing To Reduce the Drag ment Rejuéts. P:_atper Eg;séenLted th W:)rld évli_:;ltior_l Con-
of a Supersonic Swept-Wing Roal. Aeronaut. Sgi. gress and Exposition (Los Angeles, California).
vol. 22, no. 3, pp. 173-178, 188. Jones, B. Melvill 1938: Flight Experiments on the Bound-

Holmes, Bruce J.: Obara, Clifford J.; Gregorek, Gerald M.; &y Layer.J. Aeronaut. Scivol. 5, no. 3, pp. 81-101.
Hoffmgn, ,M'Ch?a J alnd Frguler, lR'Ck J. ﬁ983: I:leght Jones, J. H.; and Pate, S. R. 196avestigation of
Inll/estlgl;(atmn of Natural Laminar Flow on the Bellanca Boundary-Layer Suction on a Flat Plate at Mach
Skyrocket Il. SAE Paper 830717. Number 3AEDC-TN-61-128, U.S. Air Force.

Holmes, Bruce J., Obara, Clifford J.; and Yip, Long P.
1984: Natural Laminar Flow Experiments on Modern
Airplane SurfacesNASA TP-2256.

Joslin, Ronald D.; Streett, Craig L.; and Chang, Chau-Lyan
1992:Validation of Three-Dimensional Incompressible
Spatial Direct Numerical Simulation Code—A Compar-

Holmes, Bruce J.; Obara, Clifford J.; Martin, Glenn L.; and ison With Linear Stability and Parabolic Stability Equa-
Domack, Christopher S. 1985: Manufacturing Toler- tion Theories for Boundary-Layer Transition on a Flat
ances for Natural Laminar Flow Airframe Surfaces. Plate NASA TP-3205.

SAE Paper 850863. . .
Joslin, R. D.; Street, C. L.; and Chang, C.-L. 1993: Spatial

Holmes, Bruce J.; and Obara, Clifford J. 1992: Flight  Direct Numerical Simulation of Boundary-Layer Tran-

Research on Natural Laminar Flow ApplicatioNsitu- sition Mechanisms: Validation of PSE Thecofheoret.

ral Laminar Flow and Laminar Flow ContrpR. W. Comput. Fluid Dyn.vol. 4, pp. 271-288.

Barnwell and M. Y. Hussaini, eds., Springer-Verlag,

pp. 73-142. Joslin, R. D.; and Streett, C. L. 1994. The Role of Stationary

Crossflow Vortices in Boundary-Layer Transition
Horstmann, K. H.; Redeker, G.; Quast, A.; Dressler, U.;and  on Swept Wings. Phys. Fluids vol. 6, no. 10,

Bieler, H. 1990: Flight Tests With a Natural Laminar pp. 3442-3453.
Flow Glove on a Transport Aircraft. AIAA-90-3044.

. _ ~ Joslin, Ronald D. 1995: Direct Simulation of Evolution
Howard, R. M.; Miley, S. J.; and Holmes, B. J. 1985: and Control of Three-Dimensional Instabilities in

An Investigation of the Effects of the Propeller Slip- Attachment-Line Boundary Layersl. Fluid Mech
stream on the Laminar Wing Boundary Layer. SAE vol. 291, pp. 369-392. '

Paper 850859.

Joslin, Ronald D. 1996: Simulation of Nonlinear Instabili-
ties in an Attachment-Line Boundary LayEtuid Dyn.
Res, vol. 18, pp. 81-97.

Humphreys, B. E. 1992: Surface Contamination Avoidance
for Laminar Flow Surfacegrirst European Forum on
Laminar Flow Technology DGLR-Bericht 92-06,

pp. 262-269. Kachanov, Y. S.; and Tararykin, O. I. 1990: The Experi-

lyer, Venkit 1990: Computation of Three-Dimensional mental In_vestigation of S_tability and Receptivit_y_ of a
Compressible Boundary Layers to Fourth-Order Accu- Swept-Wing  Flow. Laminar-Turbulent Transition

racy on Wings and Fuselage¢ASA CR-4269. D. Arnal and R. Michel, eds., Springer-Verlag,
pp. 499-509.

lyer, Venkit; and Spall, Robert 1991: Application of Linear ) )
Stability Theory in Laminar Flow Design. SAE Kachanov, Yury S. 1994: Physical Mechanisms of
Paper 912116. Laminar-Boundary-Layer TransitionAnnual Review

of Fluid Mechanics Volume 26, Ann. Rev., Inc.,
lyer, V.; Spall, R.; and Dagenhart, J. 1992: Computational  pp. 411-482.

Study of Transition Front on a Swept Wing Leading-
Edge Model. AIAA-92-2630. Kay, J. M. 1953Boundary-Layer Flow Along a Flat Plate

) ) ) With Uniform SuctionR. & M. 2628, British A.R.C.
lyer, Venkit 1993: Three-Dimensional Boundary-Layer

Program (BL3D) for Swept Subsonic or Supersonic Kelvin, Lord 1880: On Disturbance in Lord Rayleigh's
Wings With Application to Laminar Flow Control Solution for Waves in a Plane Vortex Stratuvtathe-
NASA CR-4531. matical and Physical Paper¥olume 4, pp. 186-187.

73



Kerschen, E. J. 1987: Boundary-Layer Receptivity and Lin, R.-S.; Edwards, J. R.; Wang, W.-P.; and Malik, M. R.

Laminar-Flow Airfoil Design. Research in Natural 1996: Instabilities of a Mach 2.4 Slow-Expansion
Laminar Flow and Laminar-Flow ContrplJerry N. Square Nozzle Flow. AIAA-96-0784.

Hefner and Frances E. Sabo, compilers, NASA ) .

CP-2487, Part 1, pp. 273-287. Lin, R.-S.; and Malik, M. R. 1994: The Stability of Incom-

pressible Attachment-Line Boundary Layers—A
Kerschen, E. 1989: Boundary Layer Receptivity. 2D-Eigenvalue Approach. AIAA-94-2372.

AlAA-89-1109. . , - "
Lin, R.-S.; and Malik, M. R. 1995: Stability and Transition

Kirchner, M. E. 1987: Laminar Flow: Challenge and Poten- in Compressible Attachment-Line Boundary-Layer
tial. Research in Natural Laminar Flow and Laminar- Flow. SAE Paper 952041.
Flow Control Jerry N. Hefner and Frances E. Sabo, . ) ] ) »
compilers, NASA CP-2487, Part 1, pp. 25-44. Lin, Ray-Sing; and Mal|k, Mujeeb R. 1996: On the Stability
of Attachment-Line Boundary Layers. Part 1—The
Kleiser, Leonhard; and Zang, Thomas A. 1991: Numerical  Incompressible Swept Hiemenz Flow. Fluid Mech,

Simulation of Transition in Wall-Bounded Shear Flows. vol. 311, pp. 239-255.
Annual Review of Fluid Mechanic¥olume 23, Ann.

Rev., Inc., pp. 495-537. Lynch, Frank K.; and Klinge, Mark D. 1991: Some Practi-
cal Aspects of Viscous Drag Reduction Concepts. SAE
Kopkin, T. J.; and Rife, C. D. 197Zaminar Flow Control Paper 912129.

Bibliography Rep. No. LG 77ER0018, Lockheed- . ) )
Georgia Co. (Available from DTIC as AD B026 321L.) Mack, L. M. 1989: Stability of Three-Dimensional Bound-
ary Layers on Swept Wings at Transonic Spe8gm-
Kosin, R. E. 1967LFC Aircraft Design Data Laminar posium Transsonicum |ID. Zierep and H. Oertel, eds.,
Flow Control Demonstration ProgramNOR-67-136, Springer-Verlag, pp. 209-224.
Northrop Aircraft, Inc.
_ MacManus, D.; and Eaton, J. 1996: Micro-Scale Three-
Korner, H. 1990: Natural Laminar Flow Research for  Dimensional Navier-Stokes Investigation Laminar Flow
Subsonic Transport Aircraft in the FR@G. Flugwiss. Control Suction Hole Configurations. AIAA-96-0544.
Weltraumforsch.vol. 14, pp. 223-232.
_ _ _ MacManus, David G.; Eaton, John A.; Barrett, Rod V.;
Lachmann, G. V. 1961: Aspects of Design, Engineering and  Rjckards, Jeremy; and Swales, Chris 1996: Mapping the
Operational Economy of Low Drag AircraBoundary Flow Field Induced by a HLFC Perforation Using a
Layer and Flow ControlVolume 2, G. V. Lachmann, High Resolution LDV. AIAA-96-0097.
ed., Pergamon Press, pp. 1123-1166.
) ) ) Maddalon, D. V.; Collier, F. S., Jr.; Montoya, L. C.; and
Lange, Roy H. 1984: Design Integration of Laminar Flow | and, C. K. 1989: Transition Flight Experiments on a
Control for Transport Aircraft.J. Aircr., vol. 21, Swept Wing With Suction. AIAA-89-1893.
pp. 612-617.
Maddalon, Dal V.; and Braslow, Albert L. 199%imulated-

Lange, Roy H. 1987: Lockheed Laminar-Flow Control  ajrine-Service Flight Tests of Laminar-Flow Control

Systems Development and Applicatiorisesearch in With Perforated-Surface Suction SystenNASA
Natural Laminar Flow and Laminar-Flow Control TP-2966.

Jerry N. Hefner and Frances E. Sabo, compilers, NASA

CP-2487, Part 1, pp. 53—77. Maddalon, Dal V. 1990: Boeing 757 Hybrid Laminar-Flow

) Control Flight Tests.Langley Aerospace Test High-
Ledy, J. P.; Charpin, F.; and Garcon, F. 1993: ELFIN lights, NASA TM-104090, p. 159.

(European Laminar Flow Investigation) Test in SIMA
wind Tunnel.1992 Scientific and Technical Activities Maddalon, Dal V. 1991: Hybrid Laminar-Flow Control
ONERA, pp. 60-61. Flight Research.Research and TechnolggiNASA

; . TM-4331, p. 47.
Leehey, P.; and Shapiro, P. J. 1980: Leading Edge Effect

in Laminar Boundary Layer Excitation by Sound. Malik, Mujeeb R. 1982COSAL—A Black-Box Compress-

Laminar-Turbulent TransitionR. Eppler and H. Fasel, ible Stability Analysis Code for Transition Prediction
eds., Springer-Verlag, pp. 321-331. in Three-Dimensional Boundary Layers NASA
CR-165925.

Liepmann, Hans W. 1943Investigations on Laminar
Boundary-Layer Stability and Transition on Curved Malik, Mujeeb R. 1987: Stability Theory Applications to
Boundaries NACA WR W-107. (Formerly NACA Laminar-Flow Control.Research in Natural Laminar
ACR 3H30.) Flow and Laminar-Flow ControlJerry N. Hefner and

74



Frances E. Sabo, compilers, NASA CP-2487, Part 1, Morris, John 1987: LFC—A Maturing ConcefResearch

pp. 219-244.

Manuel, Gregory S.; and Doty, Wayne A. 1990: A Flight
Test Investigation of Certification Requirements
for Laminar-Flow General Aviation Airplanes.
AlAA-90-1310.

Maresh, J. L.; and Bragg, M. B. 1984: The Role of Airfoil
Geometry in Minimizing the Effect of Insect Contami-
nation of Laminar Flow Sections. AIAA-84-2170.

Masad, J. 1996a: The Critical Allowable Height of a
Backward-Facing Step. AIAA-96-0780.

Masad, Jamal A. 1996kEffect of Surface Waviness on
Transition in Three-Dimensional Boundary-Layer
Flow. NASA CR-201641.

McGhee, Robert J.; Viken, Jeffrey K.; Pfenninger, Werner;
Beasley, William D.; and Harvey, William D. 1984:
Experimental Results for a Flapped Natural-Laminar-
Flow Airfoil With High Lift/Drag Ratio. NASA
TM-85788.

McNay, Dave; and Allen, John 198llaminar Flow Con-
trol Leading Edge Glove Flight Test Article Develop-
ment ACEE-21-PM-1632 (Contract NAS1-16220),
McDonnell Douglas Corp.

McTigue, John G.; Overton, John D.; and Petty,
1959: Two Techniques for Detecting Boundary-Layer
Transition in Flight at Supersonic Speeds and at Alti-
tudes Above 20,000 Fe®ASA TN D-18.

Mecham, Michael 1992: Europeans Test New Laminar

Flow Design, Target Lower Transport Operating Costs.
Aviat. Week & Space Teclreb. 3, p. 51.

Meifarth, K. U.; and Heinrich, S. 1992: The Environment
for Aircraft With Laminar Flow Technology Within
Airline Service. First European Forum on Laminar
Flow TechnologyDGLR-Bericht 92-06, pp. 251-255.

Meitz, Hubert L.; and Fasel, Hermann F. 1994: Navier-

Stokes Simulations of the Effects of Suction Holes on a

Flat Plate Boundary LayeApplication of Direct and
Large Eddy Simulation to Transition and Turbulence
AGARD-CP-551.

Meyer, Robert R.; Trujillo, Bianca M.; and Bartlett,

Gilbert, Jr.

in Natural Laminar Flow and Laminar-Flow Control
Jerry N. Hefner and Frances E. Sabo, compilers, NASA
CP-2487, Part 1, pp. 45-51.

Morrisette, E. L.; and Creel, T. R., Jr. 1987: The Effects of
Wall Surface Defects on Boundary-Layer Transition in
Quiet and Noisy Supersonic FloResearch in Natural
Laminar Flow and Laminar-Flow ContrplJderry N.
Hefner and Frances E. Sabo, compilers, NASA
CP-2487, Part 3, pp. 965-980.

Mullender, A. J.; Bergin, A. L.; and Poll, D. I. A. 1991
Application of Laminar Flow to Aero Engine Nacelles.
Boundary Layer Transition & Control. Rep.
No. PNR-90916, ETN-92-92205, British R.A.E.

Murri, Daniel G.; and Jordon, Frank L., Jr. 198¥ind-
Tunnel Investigation of a Full-Scale General Aviation
Airplane Equipped With an Advanced Natural Laminar
Flow Wing.NASA TP-2772.

Nayfeh, A. 1980: Stability of Three-Dimensional Boundary
Layers.AlAA J, vol. 18, pp. 406-416.

Nayfeh, Ali H. 1987: Nonparallel Stability of Boundary
Layers. Research in Natural Laminar Flow and
Laminar-Flow Contro] Jerry N. Hefner and Frances E.
Sabo, compilers, NASA CP-2487, Part 1, pp. 245-259.

Nayfeh, Ali H.; Ragab, Saad A.; and Al-Maaitah, Ayman
1987: Effect of Roughness on the Stability of Boundary
Layers. Research in Natural Laminar Flow and
Laminar-Flow Control Jerry N. Hefner and Frances E.
Sabo, compilers, NASA CP-2487, Part 1, pp. 301-315.

Nayfeh, Ali H.; Ragab, Saad A.; and Al-Maaitah, Ayman A.
1988: Effect of Bulges on the Stability of Boundary
Layers.Phys. Fluidsyol. 31, no. 4, pp. 796—806.

Nelson, P. A.; and Rioual, J.-L. 199n Algorithm for the

Automatic Control of Boundary Layer FlowSVR
Tech. Rep. No. 233, Univ. of Southhampton.

Nenni, Joseph P.; and Gluyas, George L. 1996: Aerody-

namic Design and Analysis of an LFC Surface.
Astronaut. & Aeronautvol. 4, no. 7, pp. 52-57.

Norris, Guy 1994: Smooth and Supersorfitight Int.,

vol. 145, no. 4421, pp. 32-33.

Dennis W. 1987: F-14 VSTFE and Results of the Obara, Clifford J.; and Dodbele, S. S. 1987: Status Report

Cleanup Flight Test PrografResearch in Natural Lam-
inar Flow and Laminar-Flow ControlJerry N. Hefner
and Frances E. Sabo, compilers, NASA CP-2487,
Part 3, pp. 819-844.

Morkovin, Mark V. 1969: On the Many Faces of Transition.

on a Natural Laminar-Flow Nacelle Flight

Experiment—Nacelle  Aerodynamic  Performance.
Research in Natural Laminar Flow and Laminar-Flow

Control, Jerry N. Hefner and Frances E. Sabo, compil-
ers, NASA CP-2487, Part 3, pp. 908-913.

Viscous Drag ReductiorC. Sinclair Wells, ed., Plenum  Orr, William M'Fadden 1907The Stability or Instability of

Press, pp. 1-31.

75

the Steady Motions of a Liquid. Part 1l: A Viscous



Liquid. Proc. R. Irish Acad., vol. XXVII, section A,
no. 3, pp. 69-138.

Laminaire ou Turbulente en Fluide Compressible: Les
Methodes Semi-Empiriques Modernes et Les Travaux
du Dr. Ing. Alfred Walz (The Calculation of the Lami-
nar or Turbulent Boundary in a Compressible Fluid: The
Modern Semi-Empirical Methods and Work of
Dr. Alfred Walz). Publ. Sci. & Tech. No. 223, Ministére
de I'Air (Paris).

Parikh, P. G.; Chen, A. W.; Yu, N. J.; Wyatt, G. H.; and

Timar, T. 1990: Application of Boundary Layer Control
to HSCT Low Speed Configuration. AIAA- 90-3199.

Parikh, P. G.; and Nagel, A. L. 199@pplication of Lami-

nar Flow Control to Supersonic Transport Configura-
tions NASA CR-181917.

Pate, S. R. 1964Investigation of Drag Reduction by

Boundary-Layer Suction on a 50-Deg Swept Tapered
Wing at M, = 2.5 to 4 AEDC-TDR-64-221, U.S. Air
Force. (Available from DTIC as AD 450 195.)

Pate, S. R. 1965Investigation of Drag Reduction by

Boundary-Layer Suction on a Body of Revolution at
Mach Numbers 2.5, 3, and 3AEDC-TR-65-36, U.S.
Air Force. (Available from DTIC as AD 456 988.)

Pate, S. R.; and Deitering, J. S. 198®%estigation of Drag

Reduction by Boundary-Layer Suction on a 36-Deg
Swept Wing at M = 2.5 to 4.AEDC-TDR-63-23, U.S.
Air Force.

Control Applied to Commercial Transport Aircraft.
Laminar Flow Contraol ACEE-23-PM-1630 (Contract
NAS1-16234), McDonnell Douglas Corp.

Control Applied to Commercial Transport Aircraft.
ICAS Proceedings, 19823th Congress of the Interna-
tional Council of the Aeronautical Sciences, AIAA Air-
craft Systems and Technology Confererigelaschka
and R. Staufenbiel, eds.

Pearce, W. E.; McNay, D. E.; and Thelander, J. A. 1984:

Laminar Flow Control Leading Edge Glove Flight Test
Article DevelopmentNASA CR-172137.

Problems—After 50 years. AIAA-93-0392.

Peterman, B. E. 1987: Laminar Flow—The Cessnha Perspec-

tive. Research in Natural Laminar Flow and Laminar-
Flow Control Jerry N. Hefner and Frances E. Sabo,
compilers, NASA CP-2487, Part 1, pp. 79-88.

Peterson, John B., Jr.; and Fisher, David F. 1978: Flight

Investigation of Insect Contamination and Its Allevia-

76

Pfenninger,

tion. CTOL Transport Technology—1978NASA
CP-2036, Part I, pp. 357-373.

Oudart, Adalbert 1949: Le Calcul de la Couche Limite pfenninger, W.; Groth, E. E.; Carmichael, B. H.; and

Whites, R. C. 1955.ow Drag Boundary Layer Suction
Experiments in Flight on the Wing Glove of a F94-A
Airplane. Phase |—Suction Through Twelve SIB&p.
No. NAI-55-458 (BLC-77), Northrop Aircraft, Inc.
(Available from DTIC as AD 79 342(b).)

Pfenninger, Werner 195Experiments With a 15% Thick

Slotted Laminar Suction Wing Model in the Low Turbu-
lence Tunnel (TDT) at the NACA, Langley Field,
Virginia. TR-5982, Northrop Aircraft, Inc.

Pfenninger, W.; Gross, Lloyd; and Bacon, John W., Jr.

(appendix | by G. S. Raetz) 195#xperiments on a
30° Swept 12%-Thick Symmetrical Laminar Suction
Wing in the 5-Ft by 7-Ft Michigan TunneRep.
No. NAI-57-317 (BLC-93), Northrop Aircraft, Inc.

Pfenninger, W.; and Groth, E. 1961: Low Drag Boundary

Layer Suction Experiments in Flight on a Wing Glove
of an F-94A Airplane With Suction Through a Large
Number of Fine SlotBoundary Layer and Flow Con-
trol, Volume 2, G. V. Lachmann, ed., Pergamon Press,
pp. 981-999.

Pfenninger, W. 1965: Some Results From the X-21A

Program—~Part 1: Flow Phenomena at the Leading Edge
of Swept Wings.Recent Developments in Boundary
Layer Research-Part IV, AGARDograph 97.

Pearce, W. E. 1981: Progress at Douglas on Laminar Flow?fenninger, Werner; and Reed, Verlin D. 1966: Laminar-

Flow Research and ExperimentsAstronaut. &
Aeronaut, vol. 4, no. 7, pp. 44-50.

Pfenninger, W.; and Bacon, J. W., Jr. 1969: Amplified Lam-
Pearce, W. E. 1982: Progress at Douglas on Laminar Flow

inar Boundary Layer Oscillations and Transition at the
Front Attachment Line of a 4%Bwept Flat-Nosed Wing
With and Without Boundary Layer SuctioWiscous
Drag ReductionC. Sinclair Wells, ed., Plenum Press,
pp. 85-105.

W. 1987. Long-Range LFC Transport.
Research in Natural Laminar Flow and Laminar-Flow

Control, Jerry N. Hefner and Frances E. Sabo, compil-
ers, NASA CP-2487, Part 1, pp. 89-115.

Perkins, Porter J.; and Rieke, William J.: Aircraft Icing Pfenninger, Werner; and Vemuru, Chandra S. 1988: Design

Aspects of Long Range Supersonic LFC Airplanes With
Highly Swept Wings. SAE Paper 881397.

Pfenninger, Werner; and Vemuru, Chandra S. 1992: Design

Philosophy of Long Range LFC Transports With
Advanced Supercritical LFC AirfoildNatural Laminar
Flow and Laminar Flow ControlR. W. Barnwell and
M. Y. Hussaini, eds., Springer-Verlag, pp. 177-222.



Phillips, Edward H. 1996: NASA Sends Test Data Via Web. Redeker, G.; Quast, A.; and Thibert, J. J. 1992: Das A320
Aviat. Week & Space Technadhpr. 15, p. 37. Laminar-Seitenleit Werks-ProgramProceedings of

, , JAHRBUSH 1992Volume Ill, DGLR, pp. 1259-1270.
Plascott, R. H.; Higton, D. J.; Smith, F.; and Bramwell,

A. R. 1946:Flight Tests on Hurricane Il, Z.3687 Fitted Reed, Helen L.; and Saric, William S. 1989: Stability of
With Special Wings of “Low-Drag” DesigrR. & M. Three-Dimensional Boundary Layer8nnual Review
No. 2546, British A.R.C. of Fluid Mechanics, Volume 21, Ann. Rev., Inc.,

e - pp. 235-284.
Poll, D. I. A. 1979: Transition in the Infinite Swept Attach-

ment Line Boundary Layeieron. Quart, vol. XXX, Reibert, M. S.; Saric, W. S.; Carrillo, R. B., Jr.; and
pp. 607-628. Chapman, K. L. 1996: Experiments in Nonlinear Satura-

_ _ tion of Stationary Crossflow Vortices in a Swept-Wing
Poll, D. I. A. 1980: Three-Dimensional Boundary Layer Boundary Layer. AIAA-96-0184.

Transition via the Mechanisms of Attachment Line

Contamination and Cross Flow Instabilitaminar Reilly, Richard J.; and Pfenninger, W. 19%&minar Flow
Turbulent Transition R. Eppler and H. Fasel, eds., Observations on a Rotating DigRep. No. NAI-55-288
Springer-Verlag, pp. 253-262. (BLC-73), Northrop Aircraft, Inc.

Poll, D. I. A. 1985: Some Observations of the Transition Reinmann, J. J. 1981Selected Bibliography of NACA-
Process on the Windward Face of a Long Yawed Cylin-  NASA Aircraft Icing PublicationdNASA TM-81651.

der.J. Fluid Mech, vol. 150, pp. 329-356. Reneaux, J.; and Blanchard, A. 1992: The Design and Test-

Poll, D. I. A;; Danks, M.; and Humphreys, B. E. 1992: The  ing of an Airfoil With Hybrid Laminar Flow Control.
Aerodynamic Performance of Laser Drilled Sheets.  First European Forum on Laminar Flow Technolpgy
First European Forum on Laminar Flow Technolpgy DGLR-Bericht 92-06, pp. 164-174.

DGLR-Bericht 92-06, pp. 274-277. Reshotko, Eli 1976: Boundary-Layer Stability and Transi-
Powell, Arthur G. 1987: The Right Wing of the L.E.F.T. tion. Annual Review of Fluid Mechanic¥olume 8,

Airplane. Research in Natural Laminar Flow and Ann. Rev., Inc., pp. 311-349.

Laminar-Flow Contro] Jerry N. Hefner and Frances E.

Reshotko, E. 1984: Environment and Receptiv@pecial
Sabo, compilers, NASA CP-2487, Part 1, pp. 141-161. Vi pvspec

Course on Stability and Transition of Laminar Flow
Powell, A. G.; Agrawal, S.; and Lacey, T. R. 198@asi- AGARD Rep. 709, pp. 4-1-4-11.

bility and .Bene_fitfls of Laminar Flow Control on Super- paynids, Osborne 1883: An Experimental Investigation of
sonic Cruise AirplanesNASA CR-181817. the Circumstances Which Determine Whether the

Pruett, C. David; and Chang, Chau-Lyan 1995: Spatial ~Motion of Water Shall Be Direct or Sinuous, and of the
Direct Numerical Simulation of High-Speed Boundary- Law of Resistance in Parallel ChanneRhilosoph.
Layer Flows—Part II: Transition on a Cone in Mach 8 ~ Trans. R. Soc. Londoser. A, vol. 174, pp. 935-982.

Flow. Theoret. Comput. Fluid Dyrvol. 7, pp. 397-424.  popery 3-p. 1992a: Hybrid Laminar Flow Control—A
Ranaudo, Richard J.; Reehorst, Andrew L.: and Potapczuk, ~Challenge for a ManufactureFirst European Forum

Mark G. 1988: An Overview of the Current NASA Pro- on Laminar Flow TechnologyDGLR-Bericht 92-06,
gram on Aircraft Icing Research. SAE Paper 881386. pp. 294-308.

Rayleigh, Lord 1879: On the Instability of Jets. Robert, J.-P. 1.992b: Drag Red'uctic')n:. An Industrial Qhal-
Scientific PapersVolume |, Cambridge Univ. Press, lenge.Special Course on Squ Friction Drag Reduction.
pp. 361-371. AGARD Rep. 786. (Available from DTIC as

AD A253 005.)

Rayleigh, Lord 1880: On the Stability or Instability of Cer- o
tain Fluid Motions.Proc. London Math. Sacvol. 11, Rogers, Kenneth H. 1953nvestigation of the Pressure

pp. 57—70. Distribution Along a Constant Area Suction Duct With
90 Degree Drilled-Hole InletRep. No. NAI-55-286
Rayleigh, Lord 1887: On the Stability or Instability of Cer- (BLC-71), Northrop Aircraft, Inc.

tain Fluid Motions Il.Proc. London Math. Socvol. 19, ) . .
pp. 67-74. Rogers, K. H. 1957Experimental and Theoretical Investi-

gations of the Pressure-Drop Through Holes and Slots
Redeker, G.; Horstmann, K. H.; Késter, H; Thiede, P.; and  in Incompressible Viscous FloiRep. No. NAI-58-19
Szodruch, J. 1990: Design of a Natural Laminar Flow (BLC-104), Northrop Aircraft, Inc. (Available from
Glove for a Transport Aircraft. AIAA-90-3043. DTIC as AD 152 319.)

77



Rozendaal, R. A. 1986Natural Laminar Flow Flight Shifrin, Carole A. 1991: Hybrid Laminar Flow Tests Cut
Experiments on a Swept Wing Business Jet—Boundary Drag, Fuel Burn on 75Aviat. Week & Space Technol.
Layer Stability AnalysetNASA CR-3975. Dec. 2, pp. 36-37.

Runyan, L. James; and George-Falvy, Dezso 1979: Ampli-Singer, Bart A.; Choudhari, Meelan; and Li, Fei 1995:
fication Factors at Transition on an Unswept Wing in Weakly Nonparallel and Curvature Effects on Station-
Free Flight and on a Swept Wing in Wind Tunnel. ary Crossflow Instability: Comparison of Results From
AIAA-79-0267. Multiple-Scales Analysis and Parabolized Stability

Equations NASA CR-198200.
Runyan, L. J.; Bielak, G. W.; Behbehani, R.; Chen, A. W,;

and Rozendaal, R. A. 1987: 757 NLF Glove Flight Test Smith, A. M. O. 1953:Review of Research on Laminar
Results. Research in Natural Laminar Flow and Boundary Layer Control at the Douglas Aircraft Co.,
Laminar-Flow Contro] Jerry N. Hefner and Frances E. El Segundo Division Rep. No. ES-19475, Douglas
Sabo, compilers, NASA CP-2487, Part 3, pp. 795-818. Aircraft Co.

Saric, William S. 1985: Laminar Flow Control With Suc- Smith, A. M. O. 1955: On the Growth of Taylor-Gortler
tion: Theory and ExperimenAircraft Drag Prediction Vortices Along Highly Concave Wall€. Appl. Math,
and ReductionAGARD Rep. 723. vol. XIll, no. 3, pp. 233-262.

Saric, William S.; Hoos, Jon A.; and Radeztsky, Ronald H. Smith, A. M. O. 1956: Transition, Pressure Gradient, and
1991: Boundary-Layer Receptivity of Sound With Stability Theory.Proceedings of the International Con-
RoughnessBoundary Layer Stability and Transition to gress of Applied Mechanicgolume 9, pp. 234-244.

Turbulence FED-Vol. 114, ASME, pp. 17-22.
Smith, A. M. O.; and Gamberoni, Nathalie 1956: Transi-

Schlichting, H. 1932: Concerning the Origin of Turbulence tion, Pressure Gradient, and Stability Theory. Rep.
in a Rotating Cylinder.Math. Phys. Klasseno. 2, No. ES 26388, Douglas Aircraft Co., Inc.

pp. 160-198. ) ) o
Smith, Bruce A. 1995: F-16XL Flights Could Aid in HSCT

Schmitt, V.; Reneaux, J.; and Priest, J. 1993: Maintaining  Design. Aviat. Week & Space TechnolOct. 23,
Laminarity by Boundary Layer Contral992 Scientific pp. 42—-44.

and Technical ActivitieSONERA, pp. 13-14.
Smith, Bruce A. 1996: Laminar Flow Data Evaluated.

Schoenster, James A.; and Jones, Michael G. 1987: Status Aviat. Week & Space TechndDct. 7, p. 30.
Report on a Natural Laminar-Flow Nacelle Flight _ _ _ .
Experiment: Effects of Acoustic Sourcd®esearch in ~ Smith, F.; and Higton, D. J. 1945iight Tests on “King

Natural Laminar Flow and Laminar-Flow Control Cobra” FZ.440 To Investigate the Practical Require-
Jerry N. Hefner and Frances E. Sabo, compilers, NASA  ments for the Achievement of Low Profile Drag Coeffi-
CP-2487, Part 3, pp. 914-923. cients on a “Low Drag” Aerofoil R. & M. No. 2375,
British A.R.C.
Schrauf, G.; Bieler, H.; and Thiede, P. 1992: Transition
Prediction—The Deutsche Airbus View.First Somers, Dan M. 1992: Subsonic Natural-Laminar-Flow
European Forum on Laminar Flow Technology Airfoils. Natural Laminar Flow and Laminar Flow
DGLR-Bericht 92-06, pp. 73-82. Control, R. W. Barnwell and M. Y. Hussaini, eds.,

Springer-Verlag, pp. 143-176.

Schubauer, G. B. 193%ir Flow in the Boundary Layer of ) ) )
an Elliptic Cylinder NACA Rep. 652. Sommerfeld, A. 1908: Ein Beitrag zur Hydrodynamischen

Erklaerung der Turbulenten Fluessigkeitsbewegungen.
Schubauer, G. B.; and Skramstad, H. K. 1947: Laminar  Atti Int. Congress of Mathvol. 3, pp. 116-124
Boundary-Layer Oscillations and Stability of Laminar

Flow. J. Aeronaut. Scivol. 14, no. 2, pp. 69—78. Spalart, P. R. 1989: Direct Numerical Study of Leading-
Edge Contaminatiorzluid Dynamics of 3-D Turbulent
Schubauer, G. B.; and Skramstad, H. K. 194&minar- Shear Flows and Transitipn AGARD-CP-438,
Boundary-Layer Oscillations and Transition on a Flat pp. 5.1-5.13.

Plate. NACA Rep. 909. ) - ) )
Squire, H. B. 1933: On the Stability for Three-Dimensional

Schwab, U. 1992: Electron Beam Drilled Holes for Laminar Disturbances of Viscous Fluid Flow Between Parallel
Flow Control.First European Forum on Laminar Flow Walls. Proc. R. Soc. Londgnser. A, vol. CXLII,
TechnologyDGLR-Bericht 92-06, pp. 270-273. pp. 621-628.

78



Srokowski, Andrew J.; and Orszag, Steven A. 1977: Region.Rep. V.T.H.-74, Tech. Hogeschool Vliegtuig-

Mass Flow Requirements for LFC Wing Design. bouwkunde.
AlAA-77-1222.
Viken, Jeffrey K. 1983: Aerodynamic Design Consider-

Stephens, A. V.; and Haslam, J. A. G. 1988ght Experi- ations and Theoretical Results for a High Reynolds
ments on Boundary Layer Transition in Relation to  Number Natural Laminar Flow Airfoil. M.S. Thesis,
Profile Drag.R. & M. No. 1800, British A.R.C. George Washington Univ.

Stock, H. W. 1990: The Stability and Amplification Rates Vijgen, P. M. H. W.; Dodbele, S. S.; Holmes, B. J.; and
of Two-Dimensional, Incompressible Laminar Bound- Van Dam, C. P. 1986: Effects of Compressibility on
ary Layers With SuctionZ. Flugwiss. Weltraumforsch Design of Subsonic Natural Laminar Flow Fuselages.
vol. 14, PP. 263-272. AlAA-86-1825.

Sturgeon, R. F.; Bennett, J. A.; Eichberger, F. R.; Ferill, Von Doenhoff, Albert E. 1940nvestigation of the Bound-

Rf' ,SAd and I\/(Ijea_lrde,hL. :E .197!-;»tudLy Of. the Sppllcgtlotn | ary Layer About a Symmetrical Airfoil in a Wind Tunnel
0 vanced Technologies to Laminar-Flow Contro of Low TurbulenceNACA WR L-507.

Systems for Subsonic Transports. Volume II: Analyses.

NASA CR-144949. Wagner, Richard D.; Maddalon, Dal V.; and Fischer,
Tadjfar, M.; and Bodonyi, R. J. 1992: Receptivity of a Lam- M'Créael Cd 1934: Tecc:hn?lolgy Dse:vslopme_Pts for L?z."

inar Boundary Layer to the Interaction of a Three- har Boundary Layer Lontrol on subsonic fransport Air-

Dimensional Roughness Element With Time-Harmonic craft. NASA paper presented at the 54th Meeting of the

Free-Stream Disturbanced. Fluid Mech, vol. 242, Fluid Dynamms Panel Symposium on Improvement of
pp. 701-720. Aerodynamic Performance Through Boundary Layer

Control and High Lift Systems (Brussels, Belgium).
Tamigniaux, T. L. B.; Stark, S. E.; and Brune, G. W. 1987:

An Experimental Investigation of the Insect Shielding Wagner, R. D.; Maddalon, D. V.; Bartlett, D. W.; and

Effectiveness of a Krueger Flap/Wing Airfoil Configu- Collier, F. S., Jr. 1988Fifty Years of Laminar Flow
ration. AIAA-87-2615. Flight Testing SAE Paper 881393.

Theofilis, Vassilios 1993a: Numerical Experiments on the Wagner, Richard D.; Maddalon, Dal V.; Bartlett, D. W.;
Stability of Leading Edge Boundary Layer Flow: A Collier, F. S., Jr.; and Braslow, A. L. 1989: Laminar-

Two-Dimensional Linear Studynt. J. Numer. Methods Flow Flight ExperimentsTransonic Symposium: The-
Fluids, vol. 16, pp. 153-170. ory, Application and Experiment—VolumeJ2rome T.

) ) Foughner, compiler, NASA CP-3020, pp. 59-104.
Thibert, J. J.; Reneaux, J.; and Schmitt, Reneaus V. 1990:

ONERA Activities on Drag ReductiofRroceedings of  Wagner, R. D.; Fischer, M. C.; Collier, F. S., Jr.; and
the 17th Congress of the International Council of the Pfenninger, W. 1990: Supersonic Laminar Flow Control
Aeronautical Sciencespp. 1053-1059. (Available as on Commercial Transporté7th Congress of the Inter-

ICAS-90-3.6.1.) national Council of the Aeronautical Sciences, ICAS

. . , Proceedings
Tollmien, W. 1929: Uber die Entstehung der Turbulenz. s

Math.-Phys. Kl. pp. 21-44. (Translation available as \wagner, R. D.; Maddalon, D. V.; Bartlett, D. W.; Collier,
NACA TM 609.) F.S., Jr.; and Braslow, A. L. 1992: Laminar Flow Flight
Experiments—A ReviewNatural Laminar Flow and
Laminar Flow Control R. W. Barnwell and M. Y.
Hussaini, eds., Springer-Verlag, pp. 23-72.

Tuttle, Marie H.; and Maddalon, Dal V. 198Raminar
Flow Control (1976-1982)—A Selected, Annotated
Bibliography. NASA TM-84496.

Tuttle, Marie H.: and Maddalon, Dal V. 199Baminar Warren, E. S.; and Hassan, H. A. 1997a: An Alternative to
Flow Control—1976-1991: A Comprehensive, Anno- the & Method for Determining Onset of Transition.
tated Bibliography NASA TM-107749. AIAA-97-0825.

Van Driest, E. R.; and McCauley, W. D. 1960: The Effect Warren, E. S,; and Hassan, H. A. 1997b: A Transition Clo-

of Controlled Three-Dimensional Roughness on sure Model for Predicting Transition Onset. Session
Boundary-Layer Transition at Supersonic Spee‘ﬂs_ Code: 10A1, Presented at 1997 AIAA/SAE World Avi-

Aerosp. Scj vol. 27, no. 4, pp. 261-271, 303. ation Congress

Van Ingen, J. L. 1956A Suggested Semi-Empirical Method Warwick, Graham 1985: JetStar Smoothes the \Whght
for the Calculation of the Boundary Layer Transition Int., vol. 128, pp. 32-34.

79



Wentz, W. H., Jr.; Ahmed, A.; and Nyenhuis, R. 1984:
Natural Laminar Flow Flight Experiments on a Swept-
Wing Business Jet. AIAA-84-2189.

Wentz, W. H., Jr.; Ahmed, A.; and Nyenhuis, R. 1985: Fur-
ther Results of Natural Laminar Flow Flight Test Exper-
iments.General Aviation Aircraft AerodynamicSAE
SP-621, pp. 37-50.

Wetmore, J. W.; Zalovcik, J. A.; and Platt, Robert C. 1941:
A Flight Investigation of the Boundary-Layer Charac-
teristics and Profile Drag of the NACA 35-215
Laminar-Flow Airfoil at High Reynolds Numbers
NACA WR L-532. (Formerly NACA MR May 5,
1941))

Whitcomb, Richard T.; and Clark, Larry R. 19681 Airfoil
Shape for Efficient Flight at Supercritical Mach Num-
bers NASA TM X-1109.

Whites, R. C.; Sudderth, R. W.; and Wheldon, W. G. 1966:

Laminar Flow Control on the X-21Astronaut. &
Aeronaut, vol. 4, no. 7, pp. 38—43.

Wiegel, M.; and Wlezien, R. W. 1993: Acoustic Receptivity
of Laminar Boundary Layers Over Wavy Walls.
AIAA-93-3280.

Wilkinson, S. P.; Anders, S. G.; Chen, F.-J.; and Beckwith
I. E. 1992: Supersonic and Hypersonic Quiet Tunnel
Technology at NASA Langley. AIAA-92-3908.

Williams, Louis J. 1995: HSCT Research Gathers Speed.

Aerosp. Americapp. 32-37.

80

Woan, C. J.; Gingrich, P. B.; and George, M. W. 1991: CFD
Validation of a Supersonic Laminar Flow Control
Concept. AIAA-91-0188.

Wolf, Stephen W. D.; Laub, James A.; and King, Lyndell S.
1994: Flow Characteristics of the NASA-Ames Laminar
Flow Supersonic Wind Tunnel for Mach 1.6 Operation.
AIAA-94-2502.

Wortmann, F. X. 1963: A Method for Avoiding Insect
Roughness on AircraftLuftahrettechnik Raumfahr-
itechnik vol. 9, no. 9, pp. 272-274. (Translation avail-
able as NASA TT F-15454.)

Wortmann, F. X. 1969: Visualization of Transitiah.Fluid
Mech, vol. 38, pt. 3, pp. 473-480.

Young, A. D.; Serby, J. E.; and Morris, D. E. 1988ght
Tests on the Effect of Surface Finish on Wing Drag
R. & M. No. 2258, British A.R.C.

Zalovcik, John A.; Wetmore, J. W.; and Von Doenhoff,
Albert E. 1944 Flight Investigation of Boundary-Layer
Control by Suction Slots on an NACA 35-215 Low-Drag
Airfoil at High Reynolds Number&dACA WR L-521.
(Formerly NACA ACR 4B29.)

Zalovcik, John A.; and Skoog, Richard B. 1948ight
Investigation of Boundary-Layer Transition and Profile
Drag of an Experimental Low-Drag Wing Installed on a
Fighter-Type Airplane.NACA WR L-94. (Formerly
NACA ACR L5C08a.)



18

Table 1. Subsonic and Transonic LFC Wind Tunnel and Flight Experiments and Major Accomplishments

[Blank spaces indicate information not available]

Extent of . .
Year Reference LFC LFC, Flight or Laminar, Re Notes
type tunnel percentx/c
percentx/c
1941 Zalovcik, Wetmore, and 9 slots 20 to 60 Flight B-18 2d glove 45 2K AP Pressure minimum
Von Doenhoff 1944 to at 45 percertt/c
30.8x 1P
1948 Braslow, Visconti, and Porous 2D model 83 810 Measurements to
Burrows 1948 83 percent only
Burrows et al. 1951
1948-1949| Smith 1953 16 slots Spaced for 2D airfoil 100 6.5x 106 First use oN-factor
acceleration method
1949-1950| Pfenninger, Gross, and 86 slots 2510 95 30swept-wing model 100 118100 Measured drag
Bacon 1957 close to theory
1950 Head 1955 Porous Anson MKk.1 2D wing
nylon
1953-1954| Head, Johnson, and Porous 6 to 98 Vampire 11l 11°Sweep 100 2% 106 70 to 80 percent prot
Coxon 1955 file drag reduction
1955 Pfenninger et al. 1955 12 slots 41 to 95 F-94 100 12x 106 M = 0.6 to 0.65
to
30x 108
1955-1956| Groth et al. 1957 69 slots 100 36x 106 Drag reduction
Carmichael, Whites and Studied surface
Pfenninger 1957 waves
1956 Pfenninger and Groth 1961 | 81 slots LocalM=1.1
1957 Carmichael and Pfenninger| 93 slots 0.5t0 97 30swept wing 100 1x 106 Studied surface
1959 waves
1963 Gross 1964 100 slots 1t097.2 2D airfoil 100 x28P
1963 Bacon, Pfenninger, and 100 slots 1t097.2 2D model Studied sound
Moore 1964 93 slots 1to 97 30° swept model influence
1963 Gross and Bossel 1964 120 slqts 4.8t0 100 Body of revolution 10 x 2081
1963 Gross, Bacon, and Tucker 93 slots 1to 97 30swept model 100 29 106
1964
1963-1965| Pfenninger 1965 Slot X-21 96 20x 108 200 LFC flights
Fowell and Antonatos 1965 30° sweep 81 30x 106
59 40x 1P
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Table 2. Subsonic LFC Wind Tunnel and Flight Experiments and Major Accomplishments Prior to OPEC Oil Embargo (1970)

[Blank spaces indicate information not available]

Extent of

Year Reference LFC LFC, Flight or Laminar, Re Mach Notes
type tunnel percentx/c number
percentx/c
1957-1958| Groth 1961 19 slotg 23.5t0 9@ 5-percent-thic 93 12.5x 10° 2.231t0 2.77 Measurements at
biconvex airfoil 93 percent chord
1958 Groth 1961 16 slots Ogive 9x 1P 25t03.0
Cylinder 100 7.0x 108 3.0
100 3.0x 10 3.5
1957 Groth 1964a 76 slots 5t0 97 Flat plate 218108 25 Drag = 26-43 per-
Groth, Pate, and 25.7x 1P 3.0 cent of turbulent
Nenni 1965 21.4x 1P 35 skin friction
1958 Groth 1964b 29 slots 11to 46 Ogive 100 15.3x 108 25 Critical roughness
Cylinder 100 11.5x 1P 3.0 studied
100 6.3x 108 3.5
1962 Groth 1964c 66 slots Began at 2 3iconvex 17x 108 2.5
Pate and Deitering swept wing 25x 10P 3.0
1963
Groth, Pate, and 20x 1P 3.5
Nenni 1965
1963 Goldsmith 1964 Slots 72.%ing 9x 108 1.99t0 2.25
1962 Pate 1965 150 slots Began at 2 9.2-in. body 42 % 1P 2.5
Groth, Pate, and of revolution 51.5x 1(P 3.0 Drag = 23 percent o
Nenni 1965 turbulent flat plate
1964 Pate 1964 68 slots 50 swept wing 100 25
Groth, Pate, and 100 3.0 1
Nenni 1965 100 35 Drag =3 Gt of tur-

bulent flat plate
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Table 3. LFC Wind Tunnel and Flight Experiments and Major Accomplishments After OPEC Oil Embargo

[Blank spaces indicate information not available]

(a) Subsonic

Extent of . .
Year Reference LFC LFC, Flight or Laminar, Re Notes
type tunnel percentx/c
percentx/c
1977-1978 Kirchner 1987 Slot 0to 30 °3wept model
1981-1985 | Bobbitt et al. 1992 Slot 0to 96 23° swept model 100 10x 106 | Tunnel interference
1985-1987 | Bobbitt et al. 1996 Perforated 0to 96 65 20x 108
1986 Powell 1987 Perforated Oto 12 Jetstar 97 Anti-insect system OK
Lange 1987 27 slots Oto 12 100
1986 Peterman 1987 Porous Citation Il nacellg
1987 Bulgubure and Arnal 1992 Perforated Oto 10 Falcon 50 12 to| 20 Anti-insects
1990-1991 Maddalon 1991, 1992 Perforatgd 0to 22 Boeing 757 65 29 pepcerduction
1991-1992 Bhutiani et al. 1993 Perforatefd -43 Nacelle 43 All altitudes
1992 Schmitt, Reneaux, and Perforated 0to 15 ATTAS wing model 50
Priest 1993
1996 Phillips 1996 Perforated 3@ing
(b) Supersonic
Extent of . .
Year Reference LFC LFC, Flight or Laminar, Re Mach Notes
type tunnel percentx/c number
percentx/c
1991 Anderson and Bohn-Meyer Perforated F-16XL Ship 1 1.6
1992
1995 Unpublished Perforated Swept model 3.5
1995-1996 Smith 1995, 1996 Perforated F-16XL Ship 2 1.91t0/2.0




O Subsonic flight
@ Supersonic flight
0 Subsonic wind tunnel
Bl Supersonic wind tunnel
O A320fin perforated

[J 35° wing perforated
@ F-16XL Ship 2 perforated
B Swept wing perforated
O Swept wing perforated
O A300 nacelle perforated
@ F-16XL Ship 1 perforated

B-18dot O
2D slot and porous [J
30°wing slot [
Anson Mk.1 2D porous O
Vampire 30° wing porous O O Boeing 757 perforated

F-94 swept slot O O Falcon 50 perforated

30° wing slot [J QO Jetstar perforated and slot
Flat plate, 2D airfoil, and ogive cylinder slot Il O Citation nacelle porous

30°, 50°, and 72.5° wing slot Il [J 23° wing perforated

2D, 30° wing, and body of revolution slot [J [ 23° wing dlot
X-2130° swept slot O [ 30° wing slot
f T T T T T T |
1930 1940 1950 1960 1970 1980 1990 2000
Year

Figure 1. Overview of Laminar Flow Control Projects.
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Natural laminar flow (NLF)
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Laminar flow control (LFC) A
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Hybrid laminar flow control (HLFC)
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x/c

(a) NLF, LFC, and HLFC concepts for wing.

Smooth joint and
wing surface

.
”

Anti-icing \/
K

rueger flap and insect shield

(b) Practical application of HLFC wing.

Figure 2. Concepts and practical application. (From Collier 1993.)
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Figure 3. Aircraft drag breakdown. (From Thibert, Reneaux, and Schmitt 1990.)

Baseline (100 percent turbulent)
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50 percent W + 30 percent F
80 | / /—50 percent W + 50 percent N
Drag
relative
to turbulent 70 -
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percent o |
50 |
> wame’
0

Impact of NLF

Figure 4. Predicted drag benefits of laminar flow on subsonic business jet. (From Holmes et al. 1985.)
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Figure 5. Benefits of LFC with range for subsonic aircraft. (From Kirchner 1987.)
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I HLFC suction " C
1 Laminar flow region Net -
benefits -
relative _19 [
to turbulent C
baseline, C
percent - -
& 20

Figure 6. Potential benefits of HLFC on advanced subsonic trangpcrt0.85;R = 6500 n.mi.; 300 passengers. (From
Arcara, Bartlett, and McCullers 1991.)
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Figure 7. Potential benefits of HLFC on advanced supersonic transpert2.4; R = 6500 n.mi.; 247 passengers. (From
Parikh and Nagel 1990.)
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Figure 8. Benefits of SLFC on supersonic aircidft= 2.5. (From Kirchner 1987.)

88



120

100

80

Jet fuel
cost, 60
cents/gal

40

Jet fuel
cost,
percent
cash
operating
cost

10 | | | | |
1970 1975 1980 1985 1990 1995

Year

Figure 9. Cost of jet fuel to airline industry. (Data from Anon. 1985, 1995a.)
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Figure 10. Sketch of Tollmien-Schlichting traveling wave.

OC

Figure 11. Sketch of Taylor-Goértler vortices over concave surface.
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Figure 12. Sketch of crossflow vortices over swept wing.
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Figure 13. Effect of wind speed and wing sweepback on transition. (From Anscombe and lllingworth 1956.)
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15 N F-11UTACT

(ReT) ax QO Boeing 757 NLF glove

O F-14VSTFE

10

0 5 10 15 20 25 30 35 40
A, deg

Figure 14. Maximum transition Reynolds number with wing sweep. (From Wagner et al. 1992.)

sl

Figure 15. Sketch of attachment-line flow. (From Wentz, Ahmed, and Nyenhuis 1985.)
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Notch and bump

Figure 16. Devices used to prevent attachment-line contamination. (From Maddalon and Braslow 1990.)
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Figure 17. Effects of two-dimensional surface imperfection on laminar flow extend. (From Holmes et al. 1985.)
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Figure 18. Typical permissible surface wavindds: 0.8;h = 38 000 ft;A = 25°. (From Braslow and Fischer 1985.)
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Figure 19. Typical permissible three-dimensional type of surface protuberkhee®8. (From Braslow and Fischer 1985.)
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—>| d|<—

\
20d
\

> 2 [

»

(b) Conical hole.
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(d) Radiused inlet.
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(f) Raised rounded inlets.

Figure 20. Hole geometries and inlet region shapes. Not drawn to scale. (From MacManus and Eaton 1996.)
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Figure 21. Transition location as function of average pressure gradient. (From Granville 1953.)
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Figure 22. Transition location as function of turbulence level. (From Granville 1953.)
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Figure 23. lllustration of neutral curve for linear stability theory.
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Figure 24. Amplification of four waves of different frequency to illustrate determinatibifactor curve.
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(a) Vertical distribution of population density.
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(b) Effect of meteorological conditions on rate of insect accumula#ien130 mphi = 50 ft.

Figure 25. Cessna 206 anti-insect flight test results. (From Croom and Holmes 1985.)
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Figure 25. Continued.
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Figure 25. Concluded.
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Figure 26. Estimated LFC performance with ice particles irhair40 000 ft;M = 0.75;1/d = 2.5 (ice crystal aspect ratios).
(From Fowell and Antonatos 1965.)
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Figure 27. Validation of Hall criteria for impact of cloud particulate on laminar flow using Jetstar aircraft. Flight 10661. (Fr
Davis, Maddalon, and Wagner 1987.)
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Figure 28. Pollution of atmosphere. (From Meifarth and Heinrich 1992.)
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Wood manifold
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blower  _
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Test-panel profile

Additional slots
Original slots

Fabric duct

Venturi tube

Figure 29. Induction system for slot-suction BLC on NACA 35-215 test panel on B18 wing. (From Zalovcik, Wetmore, and
Von Doenhoff 1944.)
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Figure 30. Sketch of method used to construct permeable surfaces for NACA 64A010 LFC airfoil. (From Braslow, Visconti,

and Burrows 1948.)
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Figure 31. DESA-2 airfoil model and slot-suction induced velocity discontinuities. (From Smith 1953.)
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Glove

‘—— Porous surface

Figure 32. Sketch of Vampire porous-suction LFC flight test aircraft. (From Head, Johnson, and Coxon 1955.)
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glove \

Suction

compressor \

Figure 33. F-94 slot-suction LFC flight test aircraft. (From Carmichael, Whites, and Pfenninger 1957.)
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Figure 34. Sketch of supersonic slot-suction swept-wing models tested at AEDC. (From Groth, Pate, and Nenni 1965.)

a, deg Wing c,in.
o 0 50° swept 37.1
A +3 50° swept 37.1
v 3 50° swept 37.1
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Figure 35. Minimum drag and optimum suction for supersonic slot-suction LFC swept-wing models, one-third turbulent flat-
plate drag, and slot-suction flat-plate model drag. (From Groth, Pate, and Nenni 1965.)
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Figure 36. X-21A flight test aircraft. (From Fowell and Antonatos 1995.)

Upper surface
Percent wetted area = 74 percent

[ Laminar
[ Expected turbulent
[ Turbulence

e Sensors

Lower surface
Percent wetted area = 61 percent

Figure 37. Laminar flow achieved during X-21A flight test for Mach number of 0.7, altitude of 40 000 ft, and chord Reynolds
number of 20« 10°, with extended leading edge. (From Fowell and Antonatos 1965.)
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_____ Three-segment flap
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Floor
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Figure 38. Swept-wing model, liner, and turbulent regions for TPT LFC experiment. (From Bobbitt et al. 1996.)

.\ Wake rake

Flow — Boundary-layer rake

29 36 .43 .50 .57.61 .68 .74 .81 .87
x/c

Figure 39. Upper surface transition boundaries for Mach numbers of 0.261 to 0.826, chord Reynolds numbkeiaha
full suction. (From Bobbitt et al. 1996.)
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Figure 40. Transition location as function of chordwise extent of suction for Mach number of 0.82 and chord Reynolds humber
of 15x 1(P. (From Bobbitt et al. 1996.)
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Figure 41. CalculateN-factor values correlated with transition location and amount of chordwise suction extent for TPT LFC
experiment for Mach number of 0.82 and chord Reynolds numberofl @ (From Berry et al. 1987.)
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L ockheed
slot-suction

perforated-suction
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Figure 42. Jetstar leading-edge flight test aircraft. (From Fischer, Wright, and Wagner 1983.)
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Figure 43. Lockheed test article on Jetstar aircraft. (From Fischer, Wright, and Wagner 1983.)
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Figure 44. Douglas test article on Jetstar aircraft. (From Fischer, Wright, and Wagner 1983.)
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Figure 45. Laminar flow extent on Douglas perforated-suction test article. Mach number and altitude are shown for typical
flight with Jetstar. (From Wagner et al. 1992.)
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— Pressure
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T _
Origina wing
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Figure 46. Dassult Falcon 50 HLFC flight demonstrator, instrumentation package, glove, and leading-edge design. (From
Bulgubure and Arnal 1992; Courty, Bulgubure, and Arnal 1993.)
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Figure 47. Results from Falcon 50 HLFC flight test. Bump 300 mm from wing root. (From Bulgubure and Arnal 1992; Courty,
Bulgubure, and Arnal 1993.)
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Figure 48. ELFIN test range.
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Strip-a-tube belts

Flush pressure taps

Wake survey probe

Attachment-line
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Figure 49. Boeing 757 flight test aircraft with HLFC test section; static pressure, hot-film, and wake-survey instrumentation;
and attachment-line flow sensor instrumentation. (From Maddalon 1990, 1991; Collier 1993.)
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(b) Drag reductionM = 0.82;C, = 0.475.

Figure 50. Sample laminar flow extent and drag reduction obtained on Boeing 757 HLFC flight tests. (From Maddalon 1990,
1991; Collier 1993.)
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Figure 51. GEAE HLFC nacelle test article flown on Airbus A300/B2 and laminar flow obtained on test article. (From
Bhutiani et al. 1993.)
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Figure 52. ELFIN large-scale HLFC wind tunnel investigation results from ONERA SIMA.28; M = 0.7;a = 0
Re = 16.4x 1(P. (From Schmitt, Reneaux, and Priest 1993; Leddy, Charpin, and Garcon 1993; Collier 1993.)

Figure 53. NFL and HLFC flight test article on VFW 614 aircraft. (From Barry et al. 1994; Collier 1993.)
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Figure 54. Measured pressure on nacelle test article. (From Barry et al. 1994.)
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Figure 55. A320 HLFC vertical fin program. (From Robert 1992b.)
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Figure 56. A320 HLFC vertical fin analysigl = 0.78; Re = 24 105, (From Thibert, Reneaux, and Schmitt 1990; Redeker,
Quast, and Thibert 1992.)
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Figure 57. A320 HLFC vertical fin wind tunnel test in ONERA S1MA. (From Thibert, Reneaux, and Schmitt 1990; Redeker,

Quast, and Thibert 1992.)
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Figure 58. Theoretical correlation of transition location with Reynolds number. (From Cattafesta et al. 1994.)
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(a) Single-seat aircraft used for laminar airflow studies.

Active glove

Liquid crystal
test section

Video camera —

(b) Aircraft with perforated-suction glove. (From Anderson and Bohn-Meyer 1992.)
Figure 59. F-16XL Ship 1.
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With suction Without suction

1 Estimated laminar
flow region

Figure 60. Laminar flow region on perforated-suction glove of F-16XL Ship 1 with and without sittioth; h = 16.7 km;
A =7C. (From Anderson and Bohn-Meyer 1992.)
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Figure 61. F-16XL Ship 2 supersonic LFC test aircraft. (From Smith 1995.)
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